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\New Methods for Determining Capacity 


Of Rural Roads in Mountainous Terrain 


BY THE DIVISION OF HIGHWAY TRANSPORT RESEARCH 


BUREAU OF PUBLIC ROADS 


The development of traffic capacity infor- 
mation needed for the design of roads in 


}rough or mountainous terrain has required 


the combined results of a number of inde- 


sf pendent yet related investigations, includ- 


if 


)|ing studies of commercial-vehicle weights 
jand performance characteristics, 


driver 
passing practices, and the many types of 
studies normally associated with a capacity 


‘Janalysis such as frequency distributions of 


i} 
{ 
| 


speeds and headways under different traffic 
volume and roadway conditions. 
This article is a combined effort of several 


|) |agencies to develop practical procedures for 


the application of the results of such studies 
to a determination of highway needs in 
mountainous terrain. The procedures are, 


‘|however, equally applicable to all types of 


terrain. They provide a significant advance 
in analytical procedures for determining 


\jimprovements in traffic-operating condi- 


tions through better alinement, reduction 
in gradient, and the use of truck climbing 
lanes on the uphill side of steep grades. 


N a comprehensive survey of highway needs, 
it is essential to establish a certain level of 
performance for each highway system in a 
State and then determine the improvements 


-Jneeded to bring the existing systems up to 


“I these performance levels. 


The levels of per- 
formance which are established must be fea- 
sible and be based on safe and efficient opera- 
tion of vehicles, with due consideration being 
given to the future demands of highway 
transportation. 

Performance levels may be measured and 
also specified in terms of safe operating speeds. 
Comprehensive studies as well as past experi- 
ence have shown that drivers demand, and 
that it is more feasible to construct, facilities 
that will permit higher operating speeds (1) in 
level terrain than in rough or mountainous 
terrain, (2) on primary highways carrying most 


_lof the long-distance travel than on local roads 
.| where the average trip length is shorter, and 


(3) on roads of the same system carrying the 


‘| higher traffic volumes than on those carrying 


the lower traffic volumes. While the type of 


-|service to be provided by a highway under 


construction is largely an administrative deci- 


1 This article was presented at the 36th Annual Meeting of 
the Highway Research Board, Washington, D. C., January 
1957. Mr. O. K. Normann was appointed Deputy Assistant 
Commissioner, Office of Research, effective September 8, 
1957, 
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sion, this decision must be based on driver 
desires and traffic demand. 

Once having established the type of service 
which a highway or a system of highways 
should provide, it is necessary to specify this 
service in terms of design speed and operating 
speed. The design speed is a speed determined 
for design and correlation of the physical 
features of a highway that influence vehicle 
operation; it is the safe speed that can be 
maintained over a specified section of the 
highway when conditions are so favorable 
that the design features of the highway 
govern (1).2. In short, it is the maximum 
speed that vehicles can safely travel over any 
section of the highway during extremely low 
traffic densities. In the design of a highway, 
the assumed design speed automatically 
establishes such features as the minimum 
stopping sight distance, the minimum sight 
distance at intersections, the maximum 
curvature, and the superelevation. Other 
features, such as widths of pavements and 
shoulders and clearances to walls and rails, 
are not directly related to design speed but 
they should be accorded higher standards for 
the assumed higher design speeds. 

The operating speed is the highest overall 
speed exclusive of stops at which a driver can 
safely travel on a given highway under the 
prevailing traffic conditions without at any 
time exceeding the speed which is compatible 
with the design features of the highway. For 
this discussion it applies to the conditions 
during the 30th highest hourly traffic volume 
for the year under consideration. It is 
therefore a measure of the type of service which 
a highway provides during most of the hours 


2 Italic numbers in parentheses refer to the list of references 
on p. 44. 


of peak flow. The operating speed on an 
existing highway is affected by the design 
speed, the traffic volume, and the number of 
lanes. Also, for two-lane roads, it is affected 
by the availability of sections on which the 
sight distance is of sufficient length to permit 
safe passing maneuvers. In the design of a 
new highway, it is the one factor which 
together with the traffic volume and assumed 
design speed determines the needed geometric 
features. 

Drivers will accept as reasonable a some- 
what lower operating speed, or a higher 
degree of congestion, on a highway that has 
been in existence for several years than they 
will accept or expect on a new highway or 
one recently reconstructed. Also for a needs 
study to be realistic, there must necessarily 
be some overlap in the standards by which 
existing highways are judged for adequacy 
and those used for a new highway. 

In the early stages of the West Virginia 
Highway Needs Study, the Engineering Com- 
mittee after reviewing the results of speed 
studies on highways throughout the State 
agreed upon a set of tolerable conditions for 
judging the adequacy of existing highways in 
order to determine those in need of construc- 
tion or reconstruction. <A set of standards 
was also prepared for use on new construc- 
tion. Both were in terms of operating speeds 
and design speeds. The tolerable conditions 
and the construction standards for highways 
in West Virginia carrying over 1,800 vehicles 
per day are shown in table 1. These condi- 
tions and standards were determined prior to 
the passage of the Federal-Aid Highway Act 
of 1956. 


After these tolerable conditions and stand- 
ards in terms of service to traffic had been 


Table 1.—Tolerable conditions for existing rural highways in West Virginia carrying over 
1,800 vehicles per day, and standards for new construction or reconstruction in terms 


of the service provided ! 


Highway system and type of terrain 





Interstate System highways: 
Valley or level terrain 
Rolling terrain 
Mountainous terrain 
Other than Interstate System highways: 
Valley or level terrain 
Rolling terrain 
Mountainous terrain 





Tolerable conditions Construction standards 





Design speed| Operating | Design speed 


Operating i 
spee 


speed 





M. p.h. M. p. h. 
45-50 60 
40-45 50 
40-45 45 


50 
40 














1 As determined prior to the passage of the Federal-Aid Highway Act of 1956. 
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able 4.—Average daily capacities of two-lane highways with 12-foot traffic lanes and 


constructed to a given design speed ! 


Percentage of highway 
with passing sight 
distance ? of— 


Valley or flat 
terrain with 
operating speed, 
50-55 m. p. h.; 
design speed, 
70 m. p. h. 


1,500 feet 1,000 feet 


Rolling terrain 
with operating 
speed, 45-50 
m.p.h.; design 
speed, 60 m. p. h. 


Mountainous terrain 





Other than 
Interstate Sys- 
tem with oper- 

ating speed, 
40-45 m. p. h.; 

design speed, 

60 m. p. h. 


Interstate Sys- 
tem with oper- 
ating speed 
45-50 m. p. h.; 
design speed, 
60 m. p. h, 





Cop 
3 








hm boo 

wen onpoos 
oH Aan 

sss ooo 





3 


V. p.d. 


p 


oon 
o 
Sa 





823 88 


1 Based on 5-percent truck traffic during 30th highest hour (12.percent of ADT). 
2 Percentage of 1,500-foot passing sight distance is used for all operating speeds except those below 


45 miles per hour. 


zreed upon, it was relatively easy to es- 
tblish the design requirements for new con- 
ruction and tolerable conditions, as shown 
t tables 2 and 3, from the information now 
mtained in the AASHO policy on Geometric 
esign of Rural Highways (1) and to prepare 
ible 4 from the results of traffic operation and 
ipacity studies conducted during the past 
veral years. 

Table 4 shows the average daily traffic 
dlumes that can be accommodated by a 
yo-lane highway constructed to a given 
assign speed with various percentages of the 
ighway having sight distances in excess of 
500 and 1,000 feet. The values in this table 
re for the following average conditions 
yplicable in West Virginia: 

1. The 30th highest hourly volume during 
1e year is 12 percent of average daily traffic 
ir that year. 

2. During the 30th highest hourly volume 
' a year, trucks with dual tires account for 
percent of the traffic. 


1 


The 1,000-foot values are applicable to all operating speeds. 


3. In a capacity sense, the average dual- 
tired truck is equivalent to 2 passenger cars 
in valley or level terrain, to 4 passenger cars 
in rolling terrain, and to 8 passenger cars in 
mountainous terrain. 

For highways where these average condi- 
tions do not exist or are not expected to be 
present during the year for which the highway 
is designed, appropriate corrections must be 
made in the capacities by the application of 
factors similar to those included in the dis- 
cussion on capacities of existing highways. 


Design Speeds of Existing Highways 


If the AASHO definition of design speed 
were applied to existing highways with pro- 
files and alinements that were constructed 
prior to the time that this term came into 
common usage, it would be found that in 
many cases the average running speed of traf- 
fic would be several miles per hour above the 
design speed. Likewise, recent studies have 
shown that highways constructed to modern 


able 5.—Average daily capacities of two-lane highways located on level terrain and carry- 


ing 5-percent truck traffic during the 30th highest hour ! 


Percentage of highway 

with passing sight dis- 

Operating tance of— 
speed 

1,500 feet 800 to 1,000 |. 

feet 




















Average highway speed of— 





55m.p.h. | 60m.p.h. 














standards may provide radically different op- 
erating conditions even though their traffic 
volumes and design speeds are identical. 
Average speeds, for example, will be much 
higher on a highway with few 5-degree curves 
and a lot of tangent alinement than on a 
highway with many 5-degree curves and little 
tangent alinement. This is because above- 
minimum design values are utilized where 
feasible and drivers do vary their speeds to 
a considerable extent with the immediate geo- 
metric conditions rather than adopting one 
uniform speed for the entire length of a 
highway. 

Conversely, for a given operating speed, a 
highway with few curves and mostly tangent 
alinement will accommodate higher volumes 
of traffic than a similar highway with many 
curves of the same degree and less tangent 
alinement. In relating the operating speed 
of a highway to its capacity, it is therefore 
necessary to determine the average highway 
speed, especially for existing highways. 

The introduction of the term ‘‘average high- 
way speed,’’ which is in effeet the average 
maximum safe speed or the operating speed 
for a passenger car over a section of highway 
during extremely low traffic densities, is an 
approach which has not previously been em- 
ployed in relating alinement and profile to 
capacities. It is, however, an approach which 
must be employed to obtain reasonable accu- 
racy in capacity determinations, especially for 
existing highways. 

The average highway speed of an existing 
highway may be determined by weighting the 
possible speeds of traffic on the individual 
sections during low traffic flows by the length 
of the sections. The possible speeds for vari- 
ous horizontal curves and stopping sight dis- 
tance conditions may be determined by use 
of the AASHO tables (1) relating these fea- 
tures to the design speed. 

When preparing plans for a highway, the 
designer should base the geometric features 
on an assumed design speed over a substantial 
length of highway to obtain a balanced design. 
Invariably there are sections where the de- 
signer utilizes values that are adequate for 
higher speeds than the design speed which he 
has assumed. The lower the design speed, 
the greater is the likelihood of the occurrence 
of such sections. As a result, the high-speed 
driver can travel over the section during low 
traffic densities at an average speed which ex- 
ceeds the assumed design speed. This speed 
is the average highway speed and is equivalent 
to the low-volume operating speed. 

Figures 1 and 2 show how the operating 
speeds on a two-lane highway vary with the 
average highway speeds, the percentage of 
highways having 1,500-foot passing sight 
distance, and the traffie volumes. The 
average daily traffic volumes in these charts 
are based on highways located in essentially 
level terrain, with 12-foot traffic lanes, carrying 
5-percent dual-tired vehicles with a passenger- 
car equivalent of 2, and a 30th highest hourly 
volume during the year of 12 percent of the 
average daily traffic. The charts were pre- 
pared for the Tennessee Programing Study 
from the information contained in table 5 


27 


55 


Oo 
oO 


o 
(e) 


OBE ESR Amy 
on 
on 


ASS 


a 
oO 


45 


40 


35 


30 


0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 11,000 12,000 13,000 14,000 15,000 16,0 
AVEECRSA:G- Ese DUACIL YaaeleR AlrarslsG 


Figure 1.—Effect of traffic volumes and available passing sight distances on operating speeds with average highway speeds of 60 and 


which was prepared for the 1953-54 West 
Virginia Needs Study. Table 5 in turn was 
prepared from the results of extensive highway 
capacity studies conducted by the Bureau of 
Public Roads in cooperation with the various 
State highway departments and includes the 
results reported in the Highway Capacity 
Manual (2) supplemented by more recent 
investigations. 

In figures 1 and 2 there are curves repre- 
senting roadways with sight distances that 
are continuously in excess of 1,500 feet to 
those which have no sections with 1,500-foot 
sight distance. The relation between oper- 
ating speed and traffic volume as shown by the 
curves is applicable, however, only when the 
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NSE! 








miles per hour. 


percentage of the highway not having a 1,500- 
foot sight distance is fairly evenly distributed 
between the limits of 1,500 feet and the 
stopping sight distance for the design speed. 
This is the more usual condition. 

It must be pointed out that most of the data 
on which figures 1 and 2 are based were ob- 
tained by studies conducted during traffic 
volumes within the lower three-quarters of 
the range (below 12,000 ADT). Studies 
conducted on two-lane highways during 
capacity volumes represent principally level 
tangent sections well removed from sharp 
horizontal or vertical curves. For this reason, 
all except the top curves (100 percent with 
with 1,500-foot sight distance) are shown as 


60 MILES PER HOUR 


AVERAGE HIGHWAY SPEED 


7O MILES PER HOUR 


AVERAGE HIGHWAY SPEED 





broken lines for traffic volumes above 11,0) 
vehicles per day. There is still considerakt 
question as to whether all the curves for t 
same average highway speed meet at a co1 
mon point on the right, or whether the possik 
capacity and the speed at this capacity a 
slightly lower for the highways with t}. 
poorer alinement than for those with a co 
tinuous sight distance in excess of 1,500 fee 
This, however, is not too important a co 
sideration because the practical capacities 
two-lane highways are well within the ran 
for which reliable data are available. 

The charts may be used either to determi) 
the operating speed for a given traffic volun 
or the traffic volume which the highway w 
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AVERAGE HIGHWAY SPEED 


95 MILES PER HOUR 


AVERAGE HIGHWAY SPEED 


O MILES PER HOUR 


AVERAGE HIGHWAY SPEED 


45 MILES PER HOUR 


AVERAGE HIGHWAY SPEED 


40 MILES PER HOUR: 


AVERAGE HIGHWAY SPEED 


35.M.P.H. 


aeboekane <a elie 


Le) 1,000. 2,000 3,000 4,000 5,000 6,000 7,000 8000 9,000 10,000 11,000 12,000 13,000 14,000 15,000 16,000 
AVEESREAtGET=DIATEY” TR AFF .I.C 


igure 2.—Effect of traffic volumes and available passing sight distances on operating speeds with average highway speeds of 35, 40, 45, 


f a given operating speed for lane widths 
ther than 12 feet, for 30th highest hourly 
ictors other than 12 percent, for truck per- 
ntages other than 5 percent, or for truck 
‘\uivalents other than 2, the following 
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30, and 55 miles per hour. 


procedure must be applied to adjust the capac- 
ity volumes to the prevailing or estimated 
future conditions: 

1. For 11-foot lanes multiply the volumes 
by 0.86, and for 10-foot lanes multiply by 
Oris 

2. When the 30th-highest-hour factor is 


other than 12 percent, multiply the volumes 
by 12/actual percentage. 

3. When there is other than 5 percent trucks 
during the peak hour or the truck equivalent 
is greater than 2, as it will be on grades and 
in rolling or mountainous terrain, multiply 
the volumes by— 
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Figure 3.—Operating speeds on four-lane highways in the direction of heavier travel for various average highway 


105 
100—P=- Pa 


Where: 


P=The percentage of trucks. 
T=The truck equivalent in terms of 
passenger cars. 


The operating speed for a given traffic 
volume, when conditions other than those 
used for figures 1 and 2 are applicable, may 
be determined by employing the reciprocal of 
the correction factors shown in items 1 through 
3 to the given traffic volume before entering 
in the chart. 

Tables A-H are included at the close of 
this article on pages 38-39 for the conditions 
most prevalent on two-lane highways in West 
Virginia. The number of charts or tables 
that can be prepared for other combinations 
of the many variable conditions is almost un- 
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15000 20000 25000 30000 


speeds. 


limited. A similar set of tables may be pre- 
pared for the conditions prevailing within 
any State or area. 


Operating and Average Speeds on 
Four-Lane Divided Highways 


Figure 3 shows the relation between oper- 
ating speeds, average highway speeds, and 
trafic volumes on four-lane divided rural 
highways free from the influence of inter- 
sections. The lowest curve represents the 
minimum speed at which traffic must flow to 
attain a given traffic volume. For example, 
traffic must be traveling at least 10 miles per 
hour for a four-lane highway to accommodate 
the 30th highest hourly volume when the 
average daily traffic is 25,000 vehicles. 

The other solid lines in figure 3 represent 
the normal operating speeds during various 
traffic volumes for different average highway 
speeds. Any point representing the speed- 


Doshed-Line Represents 85 To 90 Percentile 


Speeds When Speed Limit is Lower Than 
TTT ie sat 


35,000 






































40,000 
AVERAGE DAILY TRAFFIC VOLUMES (TWO-THIRDS IN ONE DIRECTION DURING PEAK HOUR) 


45,000 50,000 


highway speed. 
The dashed-lines show the effect of 







at these volumes the speeds are governed 
the traffic density rather than by the spefi 
limits. 

Figure 4 is similar to figure 3 except tl 
average speed rather than operating speed} 
related to the traffic volume. Figure 3 a 
shows the daily volumes based on a 30 
highest-hour factor of 12 percent and inclu: 














Dashed-Line Represents Average Speeds 
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Figure 4.—Average speeds on four-lane highways in the direction of heavier travel for various average highway speeds. 
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}5 percent trucks with a passenger-car equiva- 
ent of 2, whereas figure 4 shows hourly vol- 
umes and includes no trucks. 

These two charts represent average condi- 
jions found on modern highways throughout 
the United States. In some areas, such as 
the central States where the terrain is level 
ind speeds are higher than for the country as 
t whole, the speeds as shown by these charts 
vill be somewhat low especially for the low 
raffic volumes. For certain other areas they 
nay be high, but in general any difference will 
10t be great and the relative speeds for the 
lifferent conditions will be accurate. 

The traffic volumes or capacities at a given 
yperating speed or at a given average speed 
ire shown in terms of numbers of vehicles in 
wo 12-foot lanes for the one direction of 
ravel. Daily and hourly volumes or capac- 
ties for various percentages of trucks and a 
ange of truck factors may be determined by 
tandard procedures. 

The results for multilane highways as shown 
vy figures 3 and 4 explain to a large extent the 
aany variations in the speed-volume relation 
ound by other investigators. Sometimes they 
owtave found that an increase in the traffic vol- 
‘ime or density results in only a very slight or 
.o drop in speeds. This would be the case as 
i {hown by the dashed-lines in figures 3 and 4 
tivhen a speed limit or factors other than the 
i flraffic density are exerting a controlling influ- 
itlnce on vehicle speeds. 

a) The results of still other investigators show 

lu], curvilinear relation with the speeds dropping 
kt an increasing rate as the traffic density 
ligacreases. This would occur as the traffic vol- 

‘lumes exceed the range within which the speed 

iimits are effective and especially when the 

d/olumes approach possible capacities. At 
piolumes approaching possible capacities on 
aultilane facilities (above 1,500 vehicles per 
jour per lane), the safety factor for capacity, 
od/S indicated by the distance between the upper 

}ajnd lower curves of figures 3 and 4, decreases 
desialy with the result that a slow driver or 
\yome other minor condition interrupting the 
ormal flow of traffic can cause a sudden 

lowdown of all vehicles with speeds decreas- 

ag from a point on one of the higher curves 

f figures 3 and 4 to a point on the bottom 

urve, or to any intermediate point. The 

loser the possible capacity is approached, the 
reater is the possibility of such an occurrence. 

The most baffling results obtained from 
peed-volume investigations are those which 
how an increase in speed with an increase in 
olume. Generally this occurs when a study 
3 started during off-peak hours with light 
raffic and is continued through the peak or 
ush-hour volumes in the afternoon. Ag the 
taffic volume increases, the percentage of 
epeat drivers in a hurry to get home increases 
ith the result that speeds show little or no 
ecline and oftentimes increase temporarily 
vith the traffic volume. When capacity 
olumes are reached or closely approached 
here is then an abnormal decrease in speeds 
roducing the curvilinear relation between 
peed and traffic volume. Studies of this type 
o not show the true effect of increased 
olume or speeds, since there is a marked 
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change in the character of traffic from off-peak 
to peak periods. The true effect of volume 
on speeds as shown in figures 3 and 4 can be 
obtained by simultaneous studies at different 
points where the geometric features of the 
highway are identical but the traffic volumes 
are different. 


Information Needed for Capacity 
Analysis 


An engineering analysis of the ability of a 
highway to accommodate present or estimated 
future traffic volumes, in accordance with 
prescribed standards of service in terms of 
operating speeds, requires the following 
information: 

1. The type of terrain through which the 
highway is located. 

2. The average highway speed and the fre- 
quency of occurrence of sharp curves that 
cause abnormally low speeds. 

3. The percentage of the highway on which 
the passing sight distance exceeds 1,500 feet. 
On highways for which an operating speed of 
40 miles per hour or less has been specified, 
the percentage of highway with an 800- to 
1,000-foot sight distance is required whenever 
there is a low percentage of the 1,500-foot sight 
distance. 

4, The average truck factor and the truck 
factor on all long or steep grades. 

5. Cross-section items such as shoulder and 
surface type, width, and condition. 

These five items were determined for all 
highways in West Virginia expected to carry 
annual volumes in excess of 1,800 vehicles per 
day within the next 20 years. 


Type of terrain 

Generally the alinement of an existing high- 
way will be an indication of the surrounding 
terrain. Whether standards for level, rolling, 
or mountainous terrain should be applied to 
an existing road is largely a matter of engi- 
neering judgment. Just because the existing 
highway has many sharp curves and steep 
grades, however, does not necessarily mean 
that a much better alinement and profile 
could not be obtained in the same general 
vicinity at a reasonable cost with modern 
equipment and methods. A large part of 
West Virginia has terrain through which it is 
extremely difficult and costly to build high- 
speed highways of modern design. 


Average highway speed 

The average highway speed of each section 
of highway was determined by driving a 
passenger car over the highway at the maxi- 
mum safe speed during extremely low traffic 
volumes to obtain a profile of the speed based 
on the geometric features of the highway. 
The safe speed was governed by sight dis- 
tance, curvature, and possible marginal inter- 
ferences. All speed zones and speed limits 
were observed. Long tangent sections of 
highway were recorded as having a 60-miles- 
per-hour highway speed even though the test 
car was not necessarily operated at that speed. 
Such sections are, however, comparatively 
rare in West Virginia. 

This method of determining the average 
highway speed and obtaining a log of the 


sharp curves and other speed restrictions was 
employed because sufficiently detailed infor- 
mation was not available from any other 
source. Furthermore, this method as it was 
employed was sufficiently accurate and prob- 
ably resulted in a more realistic appraisal 
than could have been obtained from detailed 
plans had they been available. 


Passing sight distance 

A second car with an accurate odometer 
was driven over each highway at a slow speed 
(about 30 m.p.h.) to determine the length 
and location of all sections with sight dis- 
tances in excess of 1,000 feet and 1,500 feet, 
in lieu of more accurate and detailed sight 
distance information. The driver informed 
the passenger, who acted as the recorder, each 
time there was a change in the sight distance 
from some value below 1,000 feet or 1,500 
feet to a value above 1,000 or 1,500 feet. He 
also informed the recorder each time the sight 
distance again became less than either of these 
values. 

The recorder noted the odometer readings 
at these locations and at control points such 
as crossroads, eity limits, and major struc- 
tures. It was possible to check the accuracy 
of the driver’s estimate by this procedure as 
each reading was recorded so that a sufficiently 
accurate estimate was obtained of the per- 
centage of the highway with a sight distance 
in excess of 1,000 feet and the percentage in 
excess of 1,500 feet. 


Average truck factor 

Commercial vehicles with dual tires reduce 
the capacity of a highway in terms of vehicles 
per hour. In level terrain where commercial 
vehicles can maintain speeds that equal or 
approach the speeds of passenger cars, it has 
been found that the average dual-tired vehicle 
is equivalent, in a capacity sense, to 2 passen- 
ger cars on multilane highways and to 2.5 
passenger cars on two-lane highways. The 
number of passenger cars that each dual-tired 
vehicle represents is termed the ‘‘truck equiv- 
alent” or the ‘“‘truck factor.” 

The results of highway capacity studies 
have shown that the truck equivalent on long 
or steep grades increases with an increase in 
the difference between the normal speeds of 
passenger cars and the speeds of trucks. 
They have also shown that the truck equiv- 
alent changes very little, if at all, with a 
change in the percentage of trucks in the total 
traffic stream. 

Truck equivalents are normally determined 
by obtaining detailed information on the 
speeds and headways of vehicles during 
various traffic volumes on highways with 
different alinements and profiles. An average 
truck factor is obtained for dual-tired vehicles 
under each condition. If the study is of 
sufficient magnitude, it is possible to obtain 


3 Studies have not been conducted at locations with more 
than 20 percent dual-tired trucks and have been confined 
principally to locations with less than 10 percent of these 
vehicles during the periods of peak flow. Further studies 
may indicate that for certain conditions the truck factor 
does change with a change in the percentage of trucks, bat 
as yet there is no evidence to indicate whether it mcreases 
or decreases with an increase in the number or percentage 
of trucks. 
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Table 6.—Truck factor for various truck 



































i speeds as related to normal passenger-car 
speeds 
90 Truck factor—passenger-car equivalents 
Truck 
speed For average | For average | Adopted for 
(miles per passenger- passenger- use in West 
hour) car speed of | car speed of Virginia 
80 ‘a 48.5 m. p.h.! | 42.5 m.h. p.! study 
1,8 
3.0 
5.0 
70 aI 8.6 
13.9 
22.9 
40.5 
60 94.5 
1 Distributions of passenger-car speeds are shown in figure 5. 
50 t 








ing its average speed under any highway 
condition such as a steep or long grade, 
The average truck factor can also be deter- 
mined for any location or section of highway 
by knowing the average speed for all trucks 
if the passenger-car speeds are within the 
limits of those shown in figure 5. In this 
case, there will be a slight error if there is a 
wide range in the truck speeds because the 
curve of figure 6 is not a straight line. The 
error will be slight, however, for most condi- 
tions. 


Control Truck Used for Obtaining 
Average Truck Speed 
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PERCENTAGE OF VEHICLES TRAVELING AT OR LESS THAN THE SPEED SHOWN 








In flat or rolling terrain it is possible to 
| conduct sufficient speed studies to determine}! 
25 30 35 40 AS 50 55 60 65 70 75 the speeds of trucks for the typical and} 
SPEED-MILES PER HOUR unusual profiles that are encountered on al! 
Figure 5.—Two distributions of normal 
passenger-car speeds used in determining 
truck factors (passenger-car equivalents). 80 AT 5MPH. 























a truck factor for each type of dual-tired 
vehicle classified by speed groups. 

The results of these studies have shown 
that truck factors can also be calculated with 
a high degree of accuracy from the separate 
speed distributions of passenger cars and 
trucks recorded during light volumes when 
vehicles can travel at their normal speeds. 
The criterion used is the relative number of 
passings that would be performed per mile 
of highway if each vehicle continued at its 
normal speed for the conditions under con- 
sideration. That the results from such an 
analysis agree with those obtained by the 
more painstaking methods is not surprising. 
It is the difference between truck speeds and 
passenger-car speeds on grades that causes 
trucks to reduce the capacity of a highway. 
The greater the speed difference, the greater 
is the reduction in capacity with a correspond- 
ing increase in the truck factor. 

Table 6 shows how the truck factor varies 
with the truck speed for two different pas- 
senger-car speed distributions as shown in 
figure 5. The higher the passenger-car 
speeds, the higher are the truck equivalents. 
The factors in the right-hand column of table 


TRUCK FACTOR OR EQUIVALENT IN PASSENGER CARS 





6 are the rounded values used for the West 0 5 10 1S 20 25 30 35 a 
Virginia study and from which figure 6 was SPEED OF TRUCK IN MILES PER HOUR 

plotted. The truck equivalent can be de- Figure 6.—Truck factors (passenger-car equivalents) for average truck speeds ranging from 
termined for any dual-tired vehicle by know- 5 to 40 miles per hour. 
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inhighway system. In mountainous terrain, 
inljowever, this approaches an impossible task. 
\his is especially true for West Virginia. 
4 unique method was therefore employed 
o obtain the average truck factor for each 
ection of highway and for each grade or 
ombination of grades on all roads in West 
firginia likely to carry more than 1,800 
‘ehicles per day during the next 20 years. 
~The method involved the selection of a 
ypical truck with a typical load. This truck 
yas driven over the highway system at its 
naximum safe speed consistent with normal 
ruck operation to obtain a continuous speed 
rofile. The speed of the truck and its 
idometer reading were recorded at the bottom 
md top of each grade, at crossroads or other 
ontrol points, each time the gears were 
hifted, and each time there was a change of 
» miles per hour in the speed of the truck. 
Nhen the truck reached a crawl speed on 
ong grades, the crawl speed was recorded to 
he nearest mile per hour. The truck was 
yperated in both directions on the more 
mportant roads to get a speed profile for 
‘ach direction of travel. 


0.1 mile 0.2 mile 0.4 mile 0.6 mile 


on 
Wee a 
<a 
Senos 
WO Series 


06 O8 LS 
LENGTH OF GRADE-MILES 
Figure 7.—Average speeds of control truck on grades ranging from 3 to7 percent. 
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The control truck and its load were selected 
to obtain a weight-power ratio of 325 pounds 
per horsepower so that its effect on highway 
capacity would be the same as the average 
dual-tired vehicle. Its gross load was 40,000 
pounds which is considerably lighter than the 
heaviest group of vehicles recorded during 
recent loadometer surveys, but also heavier 
than the average dual-tired vehicle including 
those with and without payloads. Since the 
curve in figure 6 is not a straight line, the 
possible speed of the control truck on an 
upgrade was purposely recorded somewhat 
lower than the average for all dual-tired trucks 
on the same grade. This was necessary so 
that the truck factor obtained for the speed 
of the control truck from figure 6 would equal 
the average factor for all trucks. 

As an example, the average truck factor for 
speeds of 35 and 15 miles per hour is 11.5 or 
(3-+20)+2. <A truck factor of 11.5 is repre- 
sented by a speed of 21 miles per hour rather 
than 25 miles per hour—the average of 35 
and 15. 

Soon after placing the control truck in op- 
eration, its speeds on hills with known gra- 


Average speeds on grades extending— 





dients were checked with the performance 
curves for vehicles under controlled test con- 
ditions and found to be in agreement. Trial 
runs on the same grade were also remarkably 
consistent. 

Speed data for trucks on grades, recorded 
at spot locations and also over the entire 
length of long grades by the stopwatch 
method, showed that the average truck factor 
was somewhat lower than the truck factor 
obtained by using the speed of the control 
truck. The difference varied from 10 to 20 
percent. Since this was on the conservative 
side and would make a difference of less than 
5 percent when used for estimating the capac- 
ities of existing roads, no adjustment or cor- 
rection was made. Had it been desired to 
more accurately duplicate the average per- 
formance of present-day commercial vehicles 
as found in West Virginia, the load on the 
control truck should have been reduced about 
5,000 pounds. 

The average speeds of the control truck on 
3 to 7 percent uniform grades up to 6 miles 
long are shown in figure 7 and table 7. Figure 
8 shows the speed of the truck at any point 
on these grades. The speeds as shown by the 
solid lines are based on the assumption that 
the truck enters the grade at 41 miles per hour. 

These curves may also be used to determine 
the speed reduction due to any length and 
steepness of grade for other approach speeds. 
For example, if the approach speed is 40 miles 
per hour (initial distance 85 feet), the speed 
at the top of a 4-percent grade 1,000 feet long 
will be 26 miles per hour (final distance 1,085 
feet). Similarly, if this same grade is ap- 
proached at a speed of 30 miles per hour, the 
speed at the top will be 17 miles per hour. 

The dashed-curves emanating from 9 miles 
per hour show the maximum performance of 
vehicles when the approach speed is so low 
that the vehicle must accelerate to eventually 
reach the sustained speed. These curves show 
that it takes exceedingly long distances to 
accelerate on grades when the approach speed 
is below that of the sustained speed. To 
change the speed on a 2-percent grade 
from 20 miles per hour to the sustained speed 
of 21.5 miles per hour, an increase of only 1.5 
miles per hour, the vehicle would have to 
travel 1,050 feet. 


If needed, similar curves can be prepared 
for trucks with other weight-power ratios or 
for other entering speeds from the results of 
motor-vehicle performance studies conducted 
by the Bureau of Public Roads and others 
(3-6). This was not necessary for the West 
Virginia needs study because the truck was 
operated over all routes under consideration. 


Table 7.—Average speed of typical truck entering grades at a’speed of 40 miles per hour 


Distance 


Sustained /jrequired 





0.8 mile 1.0 mile 1.5 miles 2.0 miles 3.0 miles 
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to reach 
sustained 
speed 


speed on 


4.0 miles 5.0 miles 6.0 miles grade 





M. p.h. 
20. 4 
15.7 
13ig 12.3 


M. p. h. M. p. h. 
18.7 L79 
14.6 14.1 

11.9 

10.5 10. 2 

8.8 8.5 


11.0 





Miles 
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The quantitative effect that trucks have on 
the capacity of multilane highways with long 
steep grades is not as well known, however, 
as for two-lane highways. For example, it 
is entirely possible that a few heavy trucks on 
a long steep grade of a multilane highway 
might have nearly as great an effect as a much 
larger number. The factors used at present 
are average values determined for less than. 
20 percent dual-tired vehicles—usually 5 to 
10 percent. f. 


























Application of Uphill Truck Lanes 

The benefit to traffic by providing an uphill 
truck lane at a specific location depends upon 
the following factors: (1) traffic volume, (2) 








SPEED UPGRADE-MILES PER HOUR 






























































WEIGHT 40,000 POUN percentage of trucks, (3) length and steepness 
of grade, and (4) availability of passing sight |! 
(0) 500 1000 1500 2000 2500 3000 3500 nitance! F 
DISTANCE UPGRADE - FEET The information in table 8 offers some guid- |) 
Figure 8.—Effect of length of grade on the speed of the control truck. ance for the application of climbing lanes. |! 
The fourth column in this table, for example, |! 
If the grades had been uniform and their the entire length of a multilane highway may shows the lengths of grade for an average |! 
length and gradient known, it would have often be avoided by providing an added lane truck speed of 34 miles per hour or a truck }} 
been possible to determine the average truck on the uphill side of long or steep grades. factor of 3.0. At this average speed, even }f 
factor by applying the data from figure 7 to 0 
figure 6. Driving the truck over the routes 
would have been unnecessary. This method 1} 
was employed in Kentucky and Tennessee. id 
In West Virginia, however, the needed in- g 
formation for the grades was not available. ¢ 
Furthermore, in this State there are few uni- 1 
form grades. Practically all have multiple 6 t 
gradients for which it is possible, but rather i 
dificult and time-consuming, to calculate 
truck speeds accurately. One such example k 
is shown in figure 9. Also shown is the speed ge t 
profile recorded for the control truck. ie 
Wy 
Truck Climbing Lanes Increase oO wi 
Capacity 4 sit 5 |S 
Truck climbing lanes on the uphill side of r < 
long steep grades, as shown in figure 10, a SRE ED IP RO Ria at 
provide a means for improving the capacity = OF CONTROL TRUCK Za 
of two-lane roads through rough or moun- nants : 
tainous terrain. It is on a long steep grade 
that the greatest difference occurs between y 
the normal speed of passenger cars and the 
normal speed of trucks. The need for ade- nae 
quate passing opportunities is therefore great- 5 aS ay. ae Bt ae we a ES : 
est on the long steep grades, whereas the 
: aA. DISTANCE IN MILES tr 
passing opportunities are generally less than ; 
on the level sections of a two-lane highway. Figure 9.—Speed profile of the control truck. i 
This results in higher truck factors and lower : : i 


capacities for uphill sections of a two-lane 
highway than for the level sections. 

Where truck climbing lanes are provided, 
the truck factor becomes zero and the capacity 
of the normal section of the two-lane highway 
is the same as though there were no trucks. 
Under certain conditions, therefore, truck 
climbing lanes will increase the practical 
capacity of an entire two-lane highway to a 
value higher than that for the same alinement 
with no grades. This is because the provision 
of a climbing lane reduces the average truck 
factor and increases the percentage of the 
highway on which passing maneuvers may be 
performed. 

Climbing lanes will also increase the ca- 
pacity of multilane highways. In fact, an ay are 
added lane for each direction of travel over Figure 





es 


10.—Truck climbing lane on U. S. Route 40, south of Middletown, Md. | h 
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y() Table 8.—Speed characteristics of control 
truck on upgrades, when entering grade 
from level section at 40 miles per hour 


Distance upgrade for an 
average speed of— 


Crawl speed ! 


34 m.p.h. | 27m.p.h. }19m.p.h. 
Dis- ora or 3 
tance truck 
upgrade} factor 





1 Speed which truck can maintain indefinitely, 


though about half of the trucks will be travel- 
ing at somewhat lower speeds, the speeds of 


iehities for level sections of two-lane highways, 
ui§few passenger cars will overtake a truck on 
upgrades that are shorter than those shown in 
column 4. For those that do, the necessary 
reduction in speed and the lost time in reach- 
ing the top of the grade when the passing sight 
distance is restricted will not be appreciably 
greater than commonly necessary due to on- 
coming traffic on straight level sections. 
Truck climbing lanes cannot be justified, 
therefore, on grades shorter than those shown 
in the fourth column of table 8. 

The fifth and sixth columns of table 8 show 
lengths of grade on which there is the same 
relative need for a truck climbing lane. With 
a given traffic volume, for example, there is 
the same need for a climbing lane on a 3-per- 
cent grade 2,000 feet long as on a_7-percent 
grade 800 feet long. 

The capacities of two-lane highways on 
grades with and without truck climbing lanes 
are shown in table 9 for the conditions appli- 
cable to West Virginia. The various groups 
shown for the length of grade in the second 
column are purely arbitrary with the exception 
of the shortest length shown for each gradient. 
The grades could have been divided into a 
larger or smaller number of length groups with 
corresponding changes in the average annual 
traffic volumes. The number of groups that 
have been used are believed to be consistent 
with the accuracy justified by the analyzed 
data. 

Table 9 is based on the assumption that each 
climbing lane will be continuous from a point 
}near the bottom of the grade to a point beyond 
}the top of the grade where the sight distance 
becomes unrestricted and truck speeds again 
approach those of passenger cars. All steep 
grades of equal gradient longer than 4,000 
feet have the same capacities. Prior to 
traveling 4,000 feet upgrade, most trucks will 
‘| have reached their crawl speeds. 

*| For certain traffic and terrain conditions on 
| exceedingly long grades, the use of passing 
bays may be an adequate and a more feasible 
solution than a continuous climbing lane (6). 
| With passing bays, the capacity of a two-lane 
4) road would be greater than without the passing 
bays and, for certain conditions, might equal 
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the capacities shown in table 9 for the two-lane 
roads with a truck lane. The maximum 
capacities with continuous truck lanes are 
actually higher than most of the values in 
table 9. It was assumed that the capacity on 
a grade with a truck lane could not exceed the 
capacity of a two-lane level section. The 
capacity with a truck lane falls below the 
capacity of a level section only on the long 
grades over 5 percent where downhill speeds 
of trucks traveling in the lower gears affect 
capacities. 


Application to Capacity 
Determinations 


The tables and charts that have been pre- 
sented are the basic information needed for 
capacity determinations in connection with the 
West Virginia needs studies. From this infor- 
mation, an almost unlimited number of special 
tables and charts can be prepared for specific 
conditions in either West Virginia or other 
States. The data can also be applied in 
many different ways as will be explained by 
the applications made for the West Virginia, 
Kentucky, and Tennessee studies. 

In order to determine the highway needs in 
West Virginia, it was necessary to have a vast 
amount of information concerning the roads 
and the traffic using them. For the capacity 
determination with which this report is con- 
cerned, only the factors that have been pre- 
viously discussed were needed. Their effect 
on the capacities of two-lane roads can be 
determined from tables 1, 5, and 9, and 
figure 6. Figure 7 was also needed for the 
Kentucky and Tennessee studies since a con- 
trol truck was not used to determine the truck 
factors in these States. 

It is important that the conditions be 
similar over a length of highway for which a 
capacity determination is made. Section 
limits, for this reason, were usually defined by 


urban limits; or by a change in the traffic 
volume, surface width, average highway speed, 
or type of terrain; or by a marked change in 
the percentage of highway with a 1,500-foot 
passing sight distance. In addition, a county 
line was the end of one section and the begin- 
ning of another. 


Application to West Virginia highways 


Five typical sections analyzed during the 
West Virginia studies will illustrate the pro- 
cedures used to apply the capacity informa- 
tion. The basic information and the result- 
ing calculations for each of these sections are 
shown in table 10. 

Section 1 as shown in table 10 is located on 
U.S. Route 60 about 20 miles west of Charles- 
ton in Putnam County. It is 6.4 miles long 
with a 26-foot pavement in rolling terrain. 
It has an excellent passing distance as com- 
pared with most West Virginia roads, since 59 
percent of its length has a sight distance in 
excess of 1,500 feet. The average highway 
speed is 65 miles per hour, and the generally 
flat profile results in a truck equivalent of 
only 2. The average daily traffic volume was 
5,500 in 1955 with a design-hour factor of 12 
percent of the ADT having 7 percent trucks. 

The capacity of this section is 5,800 vehicles 
daily at an operating speed of 45-50 miles per 
hour, or 7,150 vehicles daily at a tolerable 
operating speed of 40-45 miles per hour. As 
U. S. Route 60 is one of the most important 
highways in the State, it is desirable to provide 
conditions conducive to a high operating speed. 

For an operating speed of 45-50 miles per 
hour the existing traffic volume is practically 
equal to the capacity of the section. As it 
would be impractical to attempt to increase 
the capacity of the existing road by improving 
passing sight distances, the only recourse to 
accommodate expected future traffic volumes 
is to add additional lanes by constructing 


Table 9.—Capacities of two-lane highways on grades carrying 5-percent truck traflic, 
based on a 30th highest hour of 12 percent of the average annual traffic volume 


Average annual traffic volumes 


Average highway | Average highway | Average highway | Average highway 

speed, 70 m. p. h.; speed, 60-70 m, p. speed, 60-70 m. p. speed, 50-70 m. p. 

Gradient |Length of grade} operating speed, h.; operating speed, h.; operating speed, h.; operating speed, 
50-55 m, p. h. 60m. p.h. 45-50 m. p. h. 40-55 m. p. h. 


Without With Without 
truck truck truck 


Ft. 
1, 100-2, 000 
2, 000-4, 000 
Over 4, 000 


800-1, 500 
1, 500-3, 000 
3, 000-4, 000 
Over 4,000 


600-1, 200 
1, 200-2, 000 


2, ? 
Over 4, 000 


500-1, 000 
1, 000-1, 500 
1, 500-4, 000 
Over 4, 000 


S88 Ses. 


V. 
4 
3 
3, 
4 
3 
3 
3 


HVNSP NWO NWwW PP Www 
fon) w ao wo one 
S888S 23338 S8ss § 


Over 4,000 





With i With Without With 
truck truck truck truck 
lane lane lane 


agans 
eso: 

(=F al} 
ss> 
oon 





oe ecoest 


aS 


eooooce oefoO°0° 


sees 
SS8s SSSq 
SSSS & 


S 
OF Oo 


Sseues 
ooo 
S 8888 


S5a5 Sees 


s 


33 
33 


S 
S 
SANS ANNAN NNN saa 


ws 
< 

LD DD 
wre ne 


33 
DAR POMD AWARD RAMOM 2ooN 


< 


iS] So bt oO 
$8333 8383 § 


~ 


SESSE SESE Ss 


CO CVO D> 
Rana 
S883 s 


ee ee 


LO 


35 


Table 10.—Capacity analysis of typical highway sections in West Virginia 





Section 
No. 5 


Section | Section | Section | Section 
No.1 No. 2 No. 3 No. 4 


Known CONDITIONS 





Route designation 
Length of section 
Type of terrain 


Asverare nigh way SD0CUs ss a= aeenee eae aera eee aI oy, JA 
=e its. 


1,500-foot sight distance, percent available 


Surface widthic__ eae ae er re ee eee eee 


30th-highest-hour factor 


Truck Speed = 2. = cee eee ee ee eee m, p. h-- 
Commercial vehicles a22-. 2 ee ee eee 


1955 average daily traffic 
Long grades 
Sharp curves 








Molerable operating Speed 82s. ss a ee eee 
Tolerable design speed 3 

Tolerable capacity 4 

Width factor 

30th-hour factor 

Truck equivalent 

Truck factor 

Corrected tolerable capacity 5 


eepCtee 

















1 Section 3, 0.40 mile at 8 percent; section 4, 0.50 mile at 7.5 percent, 0.35 mile at 4 percent, 0.60 mile at 2.5 percent; section 
5, 0.5 mile at 6.5 percent, 1.2 miles-at 5 percent, 2.5 miles at 2.5 percent. , 
2 Section 3, three curves at 30, 35, and 45 miles per hour, and two curves at 50 miles per hour; section 5, one curve at 40, 


one at 45, and three at 50 miles per hour. 
3 Taken from table 1. 
4 Taken from table 5. 


5 Computed as follows: 105+(100—percentage of commercial vehicles)+(percentage of commercial vehicles X truck 


equivalent). 


another one-way roadway and using the exist- 
ing lanes for the other direction of travel. 

Section 2 on U. 8S. Route 21 in Jackson 
County is also on one of the more important 
roads in the State, although the traffic volume 
isnot high. The 6.2-mile section is located in 
rolling terrain about 20 miles north of Charles- 
ton. Both the alinement and profile are poor, 
resulting in a low design speed and limited 
sight distance. Pavement width is 18 feet 
and the truck equivalent is 4. The traffic 
volume during 1955 was 2,800 vehicles per 
day with the design-hour factor of 12 per- 
cent of the ADT with 5 percent trucks. 

The road as it exists today does not meet 
the tolerable standards for this class of high- 
way. Since its average highway speed is only 
40 miles per hour, it cannot carry traffic at 
the tolerable speed of 50 miles per hour during 
Jow volumes nor at 40 to 45 miles per hour 
during the 30th highest hourly volume of the 
year. It therefore has no capacity for these 
speeds. 

Some improvement in alinement could be 
made to increase the average highway speed 
and the amount of passing sight distance. By 
providing a 1,500-foot sight distance over 10 
percent of the length and raising the average 
highway speed to 45 miles per hour, the capac- 
ity would be increased to 2,200 vehicles per 
day at an operating speed of 35-40 miles per 
hour, or to 1,050 vehicles per day at a 40- to 
45-miles-per-hour operating speed. 

Widening the entire section to 24 feet would 
increase the capacities at the 35- to 40- and 
40- to 45-miles-per-hour operating speeds to 
3,100 and 1,600 vehicles per day, respectively. 

Since the tolerable operating speed for this 
highway is 40-45 miles per hour, the 35- to 
40-miles-per-hour operating speed would be 
inadequate and undesirable. The capacity 
at a minimum desirable operating speed with 
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the alinement and sight distances improved 
to the extent possible on the existing location 
is still considerably less than the existing 
traffic volume. The conclusion is, therefore, 
that the only lasting solution is a complete 
redesign of the highway. 

Section 3 is located on U. S. Route 60 in 
Greenbrier County about 100 miles east of 
Charleston. The terrain is rolling over this 
7.0-mile section, the average highway speed 
is 538 miles per hour, about 10 percent of the 
highway has a 1,500-foot sight distance, and 
the truck equivalent is 5. Tolerable operating 
speed for this highway is 40-45 miles per 
hour. At this speed the capacity of the 
section is 2,300 vehicles per day. 

Several possibilities are available for in- 
creasing the capacity of the section, including 
removal of some or all of the five substandard 
curves, the addition of truck lanes on grades, 
and minor improvements in the sight distance 
by removal of trees, daylighting curves, etc. 

Reducing curvatures would increase the 
average highway speed to about 55 miles per 
hour, resulting in a tolerable capacity of about 
2,600 vehicles per day. Passing sight dis- 
tance might be increased an additional 5 per- 
cent by miscellaneous measures, such as brush 
removal, curve daylighting, etc. This would 
further increase capacity to about 2,800 
vehicles per day. 

The next alternative is the provision of 
truck lanes. The existing grades would require 
about one mile of truck lanes to be added, 
resulting in a decrease in the overall truck 
equivalent from 5 to 3. Minor improvement 
in the alinement would also provide addi- 
tional passing sight distance so that a 1,500- 
foot sight distance would be available over 
approximately 20 percent of the highway. 
All these improvements would increase the 
capacity of the highway to about 3,380 


vehicles per day at an operating speed of 
40-45 miles per hour. At the normal rate of 
traffic growth, this volume would not be ex- 
ceeded for a period of 6 or 7 years. There- 
after it would be necessary to undertake 
major changes in the alinement or to provide 
a four-lane highway in order to maintain the 
desired operating speed. 

Section 4 has 11-foot traffic lanes and is 
located on U. 8. Route 50 in Wood County. 
It is a 4.1-mile section through rolling terrain. 
The.alinement is fairly good since the average 
highway speed is 57 miles per hour and 9| 
percent of the highway has a 1,500-foot sight| 
distance. The traffic volume in 1955 was! 
2,400 vehicles per day with a design-hour 
factor of 13 percent of the ADT including. 
5 percent trucks. 


For the tolerable operating speed of 40-45: 
miles per hour, the capacity is 2,350 vehicles’ 
per day. This is slightly lower than the present | 
volume. Building a truck lane one mile long: 
on a critical grade would reduce the truck. 
equivalent to 3 and would increase the 1,500- 
foot passing sight distance from 9 percent to 
about 18 percent of the length. Asa result the 
capacity would be increased to 3,250 vehicles: 
per day at an operating speed of 40—45 miles per | 
hour. Some additional 1,500-foot sight distance 
could be obtained by increasing the view on) 
the inside of several curves by simply removing 
the obstructions such as brush and low banks 
on the right-of-way. When the obstruction is 
off the right-of-way, additional right-of-way 
must be purchased or an agreement reached 
with the property owner to keep it cleared. 
An additional 5 percent of 1,500-foot sight 
distance can be obtained in this manner. 
This would increase the capacity at the de- 
sired operating speed to 3,450 vehicles per) 
day, which represents an increase of nearly 
60 percent over the present traffic volume, or) 
to approximately the volume expected in) 
1970. 

Section 5 is located on U. 8. Route 50 in 
Hampshire County in the northeastern part 
of the State. The section is 11.5 miles long | 
with uniform design characteristics in the 
rolling terrain. The average highway speed 
is 53 miles per hour, the surface width is 20 
feet, and 15 percent of the highway has a| 
1,500-foot sight distance. The truck equiva- 
lent is 9. The present ADT is 2,600 per day 
with a design-hour factor of 14 percent includ- 
ing 5 percent trucks. Under these conditions, 
the capacity at an operating speed of 40-45 
miles per hour is 1,700 vehicles per day. 


















Several possibilities exist for improving the 
capacity. These include reducing the sharp- 
ness of five substandard curves, widening the’ 
surface, the addition of truck lanes on grades, 
and minor improvement in the sight distance. | 
Widening from 20 to 24 feet would increase} 
the capacity to 2,200 vehicles per day. Re- 
moval of the substandard curves will increase 
the average highway speed to about 55 miles| 
per hour and would increase the passing sight! 
distance 1 to 2 percent. These improvements, 
including the widening, would result in in-| 
creasing the capacity to 2,550 vehicles per} 
day. | 
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The addition of 2% miles of truck lanes 
would increase the sections on which passings 
could be performed to about 25 percent of the 
highway and reduce the truck equivalent to 3. 


The total resulting capacity would be 3,600 


vehicles per day or 38 percent above the 


§present volume. 


These five examples are rather typical of 


the way the capacity information was applied 


in West Virginia to determine highway suffi- 
ciency. Its use was found especially helpful 
in pointing out the changes that could be 
made to improve capacity. Altering some 
highway features will have little effect on the 
capacity at a desired operating speed, while 
others, such as the provision of truck lanes 
and substantially improving the passing sight 


"distances, will have a major effect. 


| Application to Kentucky and Tennessee 
a) highways 


The principles employed for capacity deter- 


#minations in West Virginia have general 
lc} application wherever curvatures and grades 


Kentucky and Tennessee lacked data on 
actual truck operations which would be con- 
sistent with probable future conditions. Fol- 
lowing many years of severe restrictions on 


i} truck sizes and weights, Tennessee had just 


revised its law so as to be in substantial 
agreement with AASHO recommendations. 
Truck operations, however, had not as yet 
changed to conform with the higher limits. 
Kentucky still retained its low limits, but it 
was anticipated that a more realistic position 
would be adopted—as it was in 1956—bringing 


jthat State in line with Tennessee and the 


other States. Without actual data on vehicle 
weights for the revised weight limits, it was 
assumed that future conditions in Kentucky 
and Tennessee would be similar to those on 
which the West Virginia study was based. 
In both Kentucky and Tennessee, geometric 
design data were available, mile by mile, in 
the State Highway Planning Division records, 
or were easily obtainable from plans. Thus 
actual curvature was known, and curve lengths 
could be obtained or sampled from the plans. 
In both States, the gradient and the length of 
the grades on each section of highway were 
available from the plans. This was not the 
case for most roads in West Virginia. 
Alternate method used for determining average 
highway speed in Kentucky and Tennessee.— 
Operation of a test car, as in West Virginia, 


| accounted for several factors that would affect 


the average highway speed, but horizontal 
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curvature was by far the most significant. 
From available data, therefore, it was possible 
to approximate the average highway speed of 
control sections in the other States by con- 
centrating the analysis on the combined 
effect of horizontal curves and tangents. 

Vehicle speeds are affected ahead and beyond 
a curve for a distance which varies with the 
degree of curvature. That is, a vehicle on a 
tangent approaching a sharp curve must begin 
to slow down before reaching the curve in 
order to reduce its speed to the allowable 
speed on the curve. After traveling around 
the curve, additional time and distance are 
required to accelerate back to the normal 
tangent speed. It was therefore necessary to 
determine the following information for each 
section of highway requiring a _ separate 
capacity analysis: 

1. The possible safe speed, or design speed, 
of each curve. 

2. The length of each curve. 

3. The distance before and after each curve 
that the speed was affected, together with the 
average speed while decelerating and 
accelerating. 

4. The average speed weighted by the 
length of the tangents, the curves, and by the 
deceleration and acceleration distances. This 
speed was used as the average highway speed. 

The safe speeds for curves of various degrees 
(or radii) were determined from the tables in 
the AASHO policy on Geometric Design of 
Rural Highways (1). The length of each 
curve was obtained from the highway plans 
or from planning survey information. Com- 
fortable rates of acceleration and deceleration 
as shown in the AASHO policies were used to 
determine the length of speed transitions 
between the curves and tangents. 

A special study conducted by sampling the 
curves on level sections from Kentucky high- 
way plans showed that, regardless of curva- 
ture, the average total effect of a curve on the 
speed of a vehicle was equivalent to a travel 
distance of about 800 feet at the safe speed for 
the curve. For example, the 9-degree curves 
good for a design speed of 45 miles per hour 
had an average length of 667 feet. Deceler- 
ating and accelerating from the 65 miles per 
hour tangent speed required a total of 485 
feet. On an average, a vehicle would be 
affected for a total distance of 1,152 feet but 
the time lost was the same as if the speed was 
45 miles per hour for 915 feet and the tangent 
speed was 65 miles per hour on the rest of the 
section. Likewise for the 40-degree curves, 
the equivalent distance at 20 miles per hour 
was 691 feet. The equivalent distances 
varied from curve to curve but the average 
was 780 feet with values much greater or less 
than the average being comparatively rare. 
An equivalent length of 800 feet or 0.15 mile 
for all curves was therefore used to determine 
the average highway speeds for the highway 
sections in Kentucky and Tennessee. 

Tangent sections and curves as sharp as 
3 degrees were assumed to have a highway 
speed of 70 miles per hour if there were no 
curves as sharp as 4 degrees on the highway. 
If any curves on the highway were as sharp 
as 4 degrees, the tangent sections and the 


Table 11.—IIlustration of method used in 
estimating the average highway speed of 
a two-lane highway 


Product of 
columns 2 
and 4 


Total 


a Number of 
length 


1|Safe spee 
Curvature|Safe spee APES 





Miles 

5é 0.15 
10 ‘ ‘ . 30 
12 2 1, 20 


Degrees 
6 























curves of 4 degrees or flatter were assumed to 
have a highway speed of 65 miles per hour. 
These assumptions are in accordance with the 
AASHO definition of design speed as related 
to the travel speeds found on main rural high- 
ways during low traffic densities. 

Table 11 illustrates the method used in 
estimating the average highway speed of a 
two-lane section of highway 10 miles long. 
If weighted by travel time the average high- 
way speed would be 56 miles per hour. Within 
the limits of reasonable accuracy, however, 
either method should be satisfactory. For 
the needs studies conducted in Ontario, 
Canada, the weighting to obtain the average 
highway speed was done on the basis of time 
involved rather than length. 

Method used for determining truck equivalent 
in Kentucky and Tennessee.—The first section 
of this article calls attention to the fact that 
driving a test truck to establish a speed profile 
would be unnecessary if gradient and length 
were known, since available test data are 
adequate to establish truck speeds on known 
grades (fig. 8). 

With grade data available in Kentucky and 
Tennessee, the truck equivalent in terms of 
passenger cars, for capacity computations, 
was determined from figures 7 and 6, in that 
order. 

It was first assumed that the entering speed 
of trucks approaching a grade was 40 miles 
per hour. It is recognized that momentum 
from downgrades and actual level speeds may 
frequently be greater, but in the mountainous 
terrain where this analysis was especially per- 
tinent, horizontal curvature is such that higher 
speeds are seldom encountered. For example, 
the speed profile of the test truck on U. S. 
Route 50 in West Virginia shows a maximum 
of only 45 miles per hour for short distances 
at only three locations in a 50-mile section. 

It was also assumed for the purposes of this 
study that the average truck speed was 40 
miles per hour on level terrain, on all grades 
of less than 3 percent, and on grades of 3 
percent less than 500 feet long. For all other 
grades, the average truck speed was deter- 
mined from curves in figure 7 for each grade 
or average compound grade in one direction 
only. 

For the control section or a long subsection, 
the average truck speed was determined by 
weighting by distance the speeds on level 
terrain and the several grades. Finally, the 

(Continued on page 44) 
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Table A E=7Thlérable capacities of existing two-lane highways located in flat terrain, assuming an operating speed of 45-50 miles per ho i 
and 5-percent truck traffic during 30th highest hour 


Average annual daily traffic volumes of two-lane highways with— 4 
Percentage of high- ; 
way with passing 
sight distance of— 12-foot traffic lanes and passenger- 11-foot traffic lanes and passenger- 10-foot traffic lanes and passenger- 9-foot traffic lanes and passenger- 
car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— 











70 60 55 50 70 60 55 50 70 60 55 50 70 60 55 50 
M.p.h.]} M.p.h.| M.p.h.| M.p.h.| M.p.h.} M.p.h.} M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h. 








7, 100 7, 100 6, 600 ; 6, 100 6, 100 5, 700 4, 850 5, 450 5, 450 5, 100 4, 350 4, 950 4, 950 4, 600 3, 950 
6, 800 6, 400 5, 750 ; 5, 850 5, 500 4, 950 4, 350 5, 250 4, 950 4, 450 3, 900 4, 750 4, 500 4, 000 3, 550 
6, 400 5, 550 4, 800 5 5, 500 4, 750 4, 150 3, 450 4, 950 4, 250 3, 700 3, 100 4, 500 3, 900 3, 350 2, 800 


5,750 | 4,600 | 3,900 Y 4,950 | 3,950 | 3,350 | 2,400 | 4,450 | 3,550 | 3,000 | 2,150 | 4,000 | 3,200 | 2,750 | 1,950 
4,900 | 3,750 | 2,800 ; 4200 | 3,200 | 2400 | 1,700 | 3,750 | 2900 | 2150 | 1550 | 3,450 | 2,600 | 1,950 | 1,400 
3,800 | 2800 | 2) 000 : 3,250 | 2,400 | 1,750 | 1,050 | 2,900 | 2,150 | 1,550 950 | 2,650 | 1,950 | 1,400 850 












































Table B.—Tolerable capacities of existing two-lane highways located in flat terrain, assuming an operating speed of 40-45 miles per hour }{i 
and 5-percent truck traffic during 30th highest hour 


Average annual daily traffic volumes of two-lane highways with— 
Percentage of high- 


way with passing 
sight distance of— 12-foot traffic Janes and passenger- 11-foot traffic lanes and passenger- 10-foot traffic lanes and passenger- 9-foot traffic lanes and passenger- 
car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— 




















60 55 50 45 60 55 50 45 60 55 50 45 60 55 50 45 
M.p.h.} M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p,h.| M.p.h.| M.p.b.| M.p.h.| M.p.h.| M.p.h.| M.p.h. 











8,450 | 8,050 | 7,450 | 6,550 | 7,250 | 6,900 | 6,400 | 5,650 | 6,500 | 6,200 | 5,750 | 5,050 | 5,900 | 5,650 | 5,200 | 4,600 
7,700 | 7,300 | 6,700 | 5,800 | 6,600 | 6,300 | 5,750 | 5,000 | 5,950 | 5,600 | 5,150 | 4,450 | 5,400 | 5,100 | 4,700 | 4,050. 
6,800 | 6,450 | 5,700 | 4,850 | 5,850 | 5,550 | 4,900 | 4,150 | 5,250 | 4,950 | 4,400 | 3,750 | -4,750 | 4,500 | 4,000 | 3,400 


5,900 | 5,300 | 4,600 | 3,700 | 5,050 | 4,550 | 3,950 | 3,200 | 4,550 | 4,100 | 3,550 | 2,850 | 4,150 | 3,700 | 3,200 | 2,600 
4,950 | 4,100 | 3,200 | 2,200 | 4,250 | 3,550 | 2,750 | 1,900 | 3,800 | 3,150 | 2,450 | 1,700 | 3,450 | 2,850 | 2,250 | 1,550 
3,950 | 2,700 | 1,950 | 1,250 | 3,400 | 2,300 | 1,700 | 1,100 | 3,050 | 2,100 | 1,500 950 | 2,750 | 1,900 | 1,350 900 



































Table C.—Tolerable capacities of existing two-lane highways located in rolling terrain, assuming an operating speed of 45-50 miles per i 
hour and 5-percent truck traffic during 30th highest hour 


Percontaverot Hien: Average annual daily traffic volumes of two-lane highways with— 


way with passing 
sight distance of— 12-foot traffic lanes and passenger- 11-foot traffic lanes and passenger- 10-foot traffic lanes and passenger- 9-foot traffic lanes and passenger- 
car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— 














1,500 1,000 70 60 55 50 70 60 55 50 70 60 55 50 70 60 55 50 
feet feet M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h. 








100 100 6, 500 6, 500 6, 050 5, 150 5, 600 5, 600 5, 200 4, 450 5, 000 5, 000 4, 650 3, 950 4, 550 4, 550 4, 250 3, 600 
80 87 6, 200 5, 850 5, 250 4, 600 5, 350 5, 050 4, 500 3, 950 4, 750 4, 500 4, 050 3, 550 4, 350 4, 100 3, 700 3, 200 
60 76 5, 850 5, 050 4, 400 3, 650 5, 050 4, 350 3, 800 3, 150 4, 500 3, 900 3, 400 2, 800 4, 100 3, 550 3, 100 2, 550 


40 64 5,250 | 4,200 | 3,550 | 2,550 | 4,500 | 3,600 | 3,050 | 2,200 | 4,050 | 3,250 | 2,750 | 1,950 | 3,700 | 2,950 | 2,500 | 1,800 
20 52 4,500 | 3,400 | 2,550 | 1,800 | 3,850 | 2,950 | 2,200 | 1,550 | 3,450 | 2600 | 1,950 | 1,400 | 3,150 | 2,400 | 1,800 | 1,250 
0 40 3,450 | 2,550 | 1,850 | 1,150 | 3,000 | 2,200 | 1,600 | 1,000 | 2,650 | 1,950 | 1,400 900 | 2,400 | 1,800 | 1,300 800 

















Table D.—Tolerable capacities of existing two-lane highways located in rolling terrain, assuming an operating speed of 40-45 miles per |] 
hour and 5-percent truck traffic during 30th highest hour 


é A 1 dai ~ i ith— 
| Percontaeepnion: verage annual daily traffic volumes of two-lane highways with 


way with passing ‘ 
sight distance of— 12-foot traffic lanes and passenger- 11-foot traffic lanes and passenger- 10-foot traffic lanes and passenger- 9-foot traffic lanes and passenger- 
car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— 























1,500 1,000 60 55 50 45 60 55 50 45 60 55 50 45 60 55 50 45 
feet feet M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.] M.p.h.| M.p.h.| M.p.h.]| M.p.h.| M.p.h.| M.p.h. 











100 
85 
72 


58 
44 
30 
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hour and 5-percent truck traffic during 30th highest hour 


Average annual daily traffic volumes of two-lane highways with— 

Percentage of high- 

way with passing 

sight distance of— 12-foot traffic lanes and passenger- 11-foot traffic lanes and passenger- 10-foot traffic lanes and passenger- 9-foot traffic lanes and passenger- 
car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— 











1,000 55 50 45 40 50 45 40 55 50 45 


55 55 50 45 40 40 
feet M.p.h.| M.p.h.| M.p.h.| M.p.h.} M.p.h.| M.p.h.| M.p.h.| M.p.h.]| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.} M.p.h. 











100 9,050 | 8,750 | 8,300 | 7,200 | 7,800 | 7,500 | 7,150 | 6,200 | 7,000 | 6,750 | 6,400 6,350 | 6,100 | 5,800 | 5,050 
83 8,000 | 7,500 | 6,500 | 7,050 | 6,900 | 6,450 | 5,600 | 6,300 | 6,150 | 5,800 5,750 | 5,600 | 5,250 | 4,550 
67 7,250 | 6,600 | 5,500 | 6,350 | 6,250 | 5,700 | 4,750 | 5,700 | 5,600 | 5,100 5,200 | 5,100 | 4,620 | 3,850 


6,350 | 5,600 | 4,300 | 5,600 | 5,450 | 4,800 | 3,700 | 5,000 | 4,900 | 4,300 4,550 | 4,450 | 3,920 | 3,000 
5,350 | 4,100 | 2,850 | 4,950 | 4,600 | 3,500 | 2,450 | 4,400 | 4,100 | 3,150 4,000 | 3,750 | 2,900 | 2,000 
3,500 | 2,250 | 1,400 | 4,200 | 3,000 | 1,950 | 1,200 | 3,800 | 2,700 | 1,750 3,450 | 2,450 | 1,600 | 1,000 














miles per hour and 5-percent truck traffic during 30th highest hour 


Average annual daily traffic volumes of two-lane highways with— 








Percentage of high- 

way with passing 

sight distance of— 12-foot traffic lanes and passenger- 11-foot traffic lanes and passenger- 10-foot traffic lanes and passenger- 9-foot traffic lanes and passenger- 
car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— ear speeds at low volume of— 








1,500 1,000 70 60 55 50 70 60 55 50 70 60 55 50 70 60 55 50 
feet feet M.p.h.| M.p.h.| M.p.h.} M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.} M.p.h.| M.p.h. 








100 100 5, 500 5, 500 5, 150 4, 400 4, 750 4, 750 4, 450 3, 800 4, 250 4, 250 3, 950 3, 400 3, 850 3, 850 3, 600 
80 87 5, 300 5, 000 4, 450 3, 900 4. 550 4, 300 3, 850 3, 350 4, 100 3, 850 3, 450 3, 000 3, 700 3, 500 3, 100 
60 76 5, 000 4, 300 3, 750 3, 100 4, 300 3, 700 3, 200 2, 650 3, 850 3, 300 2, 900 2, 400 3, 500 3, 000 2, 600 


40 4,450 | 3,550 | 3,050 | 2,200 | 3,850 | 3,050 | 2,600 | 1,900 | 3,450 | 2,750 | 2,350 | 1,700 | 3,100 | 2,500 | 2,150 
20 3,800 | 2,900 | 2,200 | 1,550 | 3,250 | 2,500 | 1,900 | 1,350 | 2,950 | 2,250 | 1,700 | 1,200 | 2,650 | 2,050 | 1,550 
0 2,950 | 2,200 | 1,550 950 | 2,550 | 1,900 | 1,350 goo | 2250 | 1,700 | 1,200 750 | 2,050 | 1,550 | 1,100 




















able E.—Tolerable capacities of existing two-lane highways located in rolling terrain, assuming an operating speed of 35-40 miles per 


able F.—Tolerable capacities of existing two-lane highways located in mountainous terrain, assuming an operating speed of 45-50 


able G.—Tolerable capacities of existing two-lane highways located in mountainous terrain, assuming an operating speed of 40-45 


miles per hour and 5-percent truck traffic during 30th highest hour 


Average annual daily traffic volumes of two-lane highways with— 
Percentage of high- 
way with passing 
sight distance of— 12-foot traffic lanes and passenger- 11-foot traffic lanes and passenger- 10-foot traffic lanes and passenger- 9-foot traffic lanes and passenger- 
car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— 











1,500 1,000 60 55 50 45 60 55 50 45 60 55 50 45 60 55 50 45 
feet feet M.p.h.| M.p.h.| M.p.h.} M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.}| M.p.h.| M.p.h.} M.p.h.| M.p.h.| M.p.h. 











6, 550 4,400 | 5,050 | 4,800 | 4,450 | 3,950 | 4,600 | 4,350 | 4,050 | 3,550 
6, 000 4,600 | 4,400 | 4,000 | 3,450 | 4,200 | 4,000 | 3,650 | 3,150 
5, 300 4,100 | 3,850 | 3,450 | 2,900 | 3,700 | 3,500 | 3,100 | 2,600 


4, 600 ; 3,550 | 3,150 | 2,750 | 2,250 | 3,200 | 2,850 | 2,500 | 2,050 
3, 850 2,950 | 2,450 | 1,900 | 1,300 | 2,700 | 2,250 | 1,750 | 1,200 
3, 050 2,350 | 1,600 | 1,150 750 | 2,150 | 1,450 | 1,050 650 




















miles per hour and 5-percent truck traffic during 30th highest hour 


Average annual daily traffic volumes of two-lane highways with— 
Percentage of high- 
way with passing 
sight distance of— 12-foot traffic lanes and passenger- 11-foot traffic lanes and passenger- 10-foot traffic Janes and passenger- 9-foot traffic lanes and passenger- 
car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— car speeds at low volume of— 








55 50 45 40 55 50 45 40 55 50 45 40 55 50 4 40 
M.p.h.} M.p.h.| M.p.h.} M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h.| M.p.h. 








7, 450 5,950 | 5,750 5,200 | 4,950 
6, 800 5,850 | 5,450 | 4,750 | 5,400 | 5,250 4) 450 
6, 200 5,350 | 4,850 | 4,000 | 4,850 | 4,750 3, 950 


5, 400 4, 650 3,150 | 4,250 3, 350 
4, 550 3, 900 2,050 | 3,750 2, 450 
3, 000 2, 600 1,000 | 3,200 1, 350 
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Table H.—Tolerable capacities of existing two-lane highways located in mountainous terrain, assuming an operating speed of 35-40 
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The Economic Costs of Motor-Vehicle 
Accidents of Different Types 


BY THE DIVISION OF HIGHWAY TRANSPORT RESEARCH 


BUREAU OF PUBLIC ROADS 


This article discusses the frequencies and 
direct costs of different types of accidents 
involving passenger cars in Massachusetts 
during 1953. 

Of the 131,500 accidents recorded in this 
study, nearly three-fourths were property- 
damage-only accidents, one-fourth were 
nonfatal-injury accidents, and less than 
half of one percent were fatal-injury acci- 
dents. For every dollar spent as a result of 
these accidents, nonfatal-injury accidents 
accounted for 57 cents; property-damage- 
only accidents, 40 cents; and fatal-injury 
accidents, 3 cents. 

Collisions between passenger 
passenger cars and other motor vehicles— 
by far the most frequent type of accident— 
accounted for 83 percent of the number and 
the same proportion of the cost of all 
accidents. Collisions with pedestrians, fixed 
objects, other objects, and noncollision 
types of accidents made up the remaining 
IZ percent. 

Angle, rear-end, and head-on collisions 


cars or 


represented nearly 81 percent of the number 
and 89 percent of the cost of all collisions 
between passenger cars or passenger cars 
and other motor vehicles. Angle collisions 
were the most frequent and were followed in 
order by rear-end and head-on collisions. 


N December 1947 the Highway Research 

Board recommended that the Bureau of 
Public Roads cooperate with the States in 
conducting studies of the economic costs of 
motor-vehicle accidents. These studies are 
now underway in Massachusetts, New Mexico, 
and Utah, and a fourth study is programed 
in Wisconsin. On the basis of preliminary 
discussion, it is anticipated that a fifth study 
will be started in Michigan during 1958. 

This article reports data developed by the 
Massachusetts Department of Public Works 
and by the Massachusetts Registry of Motor 
Vehicles in cooperation with the Bureau of 
Public Roads. It is emphasized that the 
findings may not be typical or average for all 
States. 

The number and direct cost of motor- 
vehicle traffic accidents involving passenger 
cars in Massachusetts during 1953 are shown 
by type of accident and severity of accident. 
Comparisons are made on the basis of cost per 
accident, per capita, per passenger car reg- 

1 This article was presented at the 37th Annual Meeting 


of the Highway Research Board, Washington, D. C., January 
1958. 
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istered, per licensed operator, per mile of road, 
and per 100 million vehicle-miles of travel. 

The purpose of this article is to present the 
cost of accidents in relation to the types of 
accidents in a way that will be helpful to groups 
and individuals who are trying to reduce 
traffic accidents and the resulting economic 
loss. 

Statistical studies of the economic cost of 
motor-vehicle accidents are based on a prob- 
ability sample of the accident experience of 
vehicle owners. They are designed to be 
accurate within 10 percent. By means of 
mailed questionnaires and through personal 
interviews with selected vehicle owners, their 
accident experience for one year is obtained. 
From these data the direct cost of accidents is 
estimated and correlated with the more im- 
portant characteristics of accidents, including 
those peculiar to the highway and street facili- 
ties, the driver, and the vehicle. These studies 
are statewide and comprehensive. Because 
the data collected and analyzed in each State 
are so detailed and voluminous, this article is 
confined to one segment of the comprehensive 
study of traffic-accident costs in Massachusetts 
during 1953 and relates only to accidents in 
which passenger cars were involved. The 
accidents were motor-vehicle traffic accidents 
occurring on public roadways and involving 
motion. 


Definitions 


Direct costs are defined as the money value 
of damages and losses to persons and property 
that were the direct result of these accidents 
and which might have been saved had these 
accidents not occurred. Direct costs are 
composed of the money value of damage to 
property; hospitalization; services of physi- 
cians, dentists, and nurses; ambulance use; 
medicine; work time lost; damages awarded 
in excess of other direct costs; attorneys’ 
services; court fees; and other miscellaneous 
but small items. 

The type of collision was determined by the 
direction of travel of the vehicles involved 
before the collision, and not by what took place 
because of efforts on the part of drivers to 
avoid collision. Thus, any collision involving 
an intentional change of direction such as a 
right, left, or U-turn was classified as a turning 
movement, even though this may have resulted 
in a head-on or rear-end type of collision. 
Similarly, an angle collision resulted when two 
or more vehicles, each traveling in a straight 
line, came together at an intersection. Al- 










Reported ! by ROBIE DUNMAN 
Transportation Economis: 


though one or both drivers may have swervet 
to avoid impact and collided in a sideswipi 
fashion, this was still classified as an angl 
collision. On the same basis, a collision in 
volving a vehicle entering or leaving a parkin; 
space was classified as a parking maneuver 
even though the vehicle struck, or was struel 
by another, in a head-on, rear-end, or side 
swipe fashion. <A sideswipe occurred onl) 
when vehicles collided while overtaking an¢ 
passing in the same direction, passing in thi 
opposite direction, or passing a parked vehicle 

All other definitions are from the manua 
Uniform Definitions of Motor-Vehicle Accidents 
1947, prepared under the auspices of thi 
National Conference on Uniform Traffic Acci: 
dent Statistics and published by the Federa 
Security Agency, U. 8. Public Health Service 

In 1953 the population of Massachusetti 
was 4,773,000. There were 1,239,000 regis’ 
tered passenger cars and 1,858,000 licensec 
operators who drove their cars 11,628 millior 
vehicle-miles over the Commonwealth’s 24,50( 
miles of streets and highways. These passen 
ger-car operators experienced 222,000 involve 
ments in 131,500 accidents that resulted in ¢ 
direct cost of $50,224,000. 





Accident Severity 


All motor-vehicle traffic accidents fall int¢ 
one of three severity classes—property 
damage-only accidents, nonfatal-injury acci 
dents, and fatal-injury accidents. 

Table 1 shows the accident experience 0 
Massachusetts passenger-car operators during 
1953 and brings into focus the numerical rela: 
tion of accidents of different severity. Th¢ 
33,270 nonfatal-injury accidents and the 31{) 
fatal-injury accidents are in the ratio of 106: 1 
This ratio is slightly more than 3 times the} 
35: 1 injury-to-fatal-accident ratio ordinarily 
used in estimating the cost of accidents) 
Whether or not this high ratio will hold ir 
predominantly rural States will be knowr 
within a short time when results of the Utak’ 
and New Mexico studies are available. 

It is apparent from table 1 that 3 out of 4 
motor-vehicle traffic accidents resulted in 
property damage only, 1 out of 4 accidents} 
resulted in a nonfatal injury, and only 1 in 417) 
accidents resulted in a fatal injury. It is alsc} 
evident that there were 106 times as many) 
nonfatal-injury accidents and 311 times as} 
many property-damage-only accidents as} 
there were fatal-injury accidents per 100 mil | 
lion vehicle-miles of travel. 

On a population basis, there was 1 fata 








1 
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‘able 1.—Motor-vehicle traffic accidents involving passenger cars in Massachusetts during 
1953, classified by severity of accident 


! Number and rate of accidents 


Number of accidents 
Percent of total 


Number of accidents per 100 million vehicle-miles of travel 


Number of persons per accident 
Number of registered passenger cars per accident 
MA Number of licensed operators per accident 


hie 
1 Rounded from 2.7. 


SH q 
aoe 
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Severity of accident 


All 
Nonfatal accidents 


injury 


Property 
damage 
only 


33, 270 97, 915 131, 500 
25.3 3 100. 0 

286 1, 131 

36 

9 

14 





nf able 2.—Direct cost of motor-vehicle traffic accidents involying passenger cars in Massa- 
ut) a : 3 B 
chusetts during 1953, classified by severity of accident 





Total direct cost— 








an 
len 
ijecident for every 15,152 persons, 1 nonfatal- 
wiajury accident for every 148 persons, and 1 
ay roperty-damage-only accident for every 49 
vi@ersons. The accident severity rate for pas- 
wenger cars registered was as follows: 1 fatal 
we ccident for every 3,933 passenger cars, 1 non- 
yatal-injury accident for every 37 passenger 
liars, and 1 property-damage-only accident 
{or every 138 passenger cars. The accident 
wieverity rate for licensed passenger-car drivers 
oyg7as 1 fatal-injury accident for every 5,898 
rivers, 1 nonfatal-injury accident for every 

6 drivers, and 1 property-damage-only acci- 

ent for every 19 drivers. 

The direct costs of motor-vehicle traffic 
nieecidents in Massachusetts are presented in 
sable 2. It should be remembered in consid- 
awering these costs that they apply only to 

ecidents involving passenger cars, and they 
e¢lo not include any indirect costs such as the 
ypresent value of future earnings and the over- 
wyxead cost of motor-vehicle accident insurance. 
jy) After comparing the number of accidents 
y/With the costs shown in table 2, it is found that 
j:§. fatal accident with a direct cost of $5,213 is 
Phe equivalent of either 6 nonfatal-injury acci- 
yiglents with a direct cost of $862 each or 25 
 roperty-damage-only accidents with a direct 
jjjost of $203 each. However, it is also ap- 


= eae 
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if Total |Percent of 
4 Severity of accident direct total Per pas- Per Per 100 mil- 

Live cost Per Per _|senger car} licensed | Per mile /lion vehicle- 
| accident | capita |registered| operator | of road miles of 
rd travel 
| - >, -—- amt pact 

on) 1,000 1,000 
iy | dollars dollars 
bats injuryeccoss. 22. fsck 5s: 1, 642 3.3 $5, 213 $0. 34 $1. 32 $0. 88 $67 14 
nt INOUiataL in TOryemeccn.oeeco ns = 28, 688 57.1 862 6. 01 23.15 15. 44 iB ayAl 247 

5 Property damage only___-_-_-- 19, 894 39.6 203 4.17 16. 06 10. 71 812 171 
hice! ALLAccidents =. sees =. 2—° 50, 224 100. 0 382 10. 52 40. 53 27.03 2, 050 432 





parent that on the basis of 100 million vehicle- 
miles of travel, property-damage-only acci- 
dents cost 12 times as much and nonfatal- 
injury accidents, 18 times as much as the cost 
of fatal accidents. 

Furthermore, table 2 shows that from the 
economic point of view, nonfatal-injury acci- 
dents were by far the most significant.. They 
accounted for 57 cents of every accident direct- 
cost dollar. Property-damage-only accidents 
accounted for 40 cents of every accident 
direct-cost dollar, whereas the emotion-packed 
and often highly dramatized fatal accident ac- 
counted for only 3 cents. This comparison 
does not minimize the personal tragedy of 
fatal accidents. 

The relation of direct cost of accidents to 
population, licensed operators, passenger cars 
registered, and road mileages are also given 
in table 2. 

The per capita cost ranged from 34 cents 
for fatal-injury accidents to $6.01 for non- 
fatal-injury accidents, and the total direct 
cost for all accidents averaged $10.52 per 
capita. 

On the basis of direct cost per passenger- 
car registered, the range was from $1.32 for 
fatal-injury accidents to $23.15 for nonfatal- 
injury accidents. The total direct cost of all 


‘able 3.—Motor-vehicle traffic accidents involving passenger cars in Massachusetts dur- 
ing 1953, classified by type of accident 


Number and rate of accidents 
Other 
motor 





Number of accidents 109, 700 
Percent of total 83. 4 
Number of accidents per 100 million vehicle- 
miles of travel 
Number of persons per accident 
Number of passenger cars registered per 
accident 
Number of licensed operators per accident -- -_ 
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vehicles 





Passenger cars colliding with— 


Non- 
collision 
accidents 


Other 
objects 


All 
Pedes- accidents 


trians 


Fixed 
objects 





7, 300 131, 500 


5.5 100. 0 


51 63 55 1, 131 
809 654 746 36 


210 170 194 9 
315 255 290 14 


5, 900 
4.5 


6, 400 
4.9 








0.30 


TOTAL DIRECT COST 
0.43 CENT 
PER CAR-MILE 





0.25 








0.20 








CENT PER PASSENGER-CAR MILE 





0.05 











0 seria 
PROPERTY NON- FATAL 
DAMAGE FATAL INJURY 

ONLY INJURY 


SEVERITY OF ACCIDENT 
Figure 1.—Direct cost of traffic accidents 
per passenger-car mile of travel in Massa- 
chusetts during 1953, classified by severity 
of accident. 


accidents was $40.53 per passenger car reg- 
istered. 

Similar comparisons of costs per licensed 
passenger-car operator and per mile of road 
indicated a range of 88 cents to $15.44 and 
$67 to $1,171 for fatal- and nonfatal-injury 
accidents, respectively. 

Figure 1 shows that the direct cost of oper- 
ating a passenger car 1 mile was 0.17 cent 
for property-damage-only accidents, 0.25 cent 
for nonfatal-injury accidents, and 0.01 cent 
for fatal-injury accidents, or a total of 0.43 
cent for each mile of passenger-car operation. 


Type of Accidents 


Motor-vehicle traffic accidents fall into one 
of five types: collision between motor vehicles, 
collision with pedestrians, collision with fixed 
objects, collision with other objects, and the 
noncollision-type accidents in which the vehi- 
cle turns over in the road or runs off the road. 

It is evident in table 3 that of all accident 
types, collisions between motor vehicles were 
by far the most numerous. More than 8 out 
of 10 accidents involving passenger cars were 
of this type. Furthermore, out of a total of 
1,131 accidents per 100 million vehicle-miles 
of travel, 943 involved passenger-car collisions 
with other motor vehicles. 

Second from the standpoint of numbers of 
accidents was passenger-car collisions with 
objects, fixed and otherwise. This type ac- 
counted for 1 out of 10 accidents. About 1 
in every 20 accidents involved passenger cars 
and pedestrians, and less than 1 in 50 acci- 
dents were the noncollision type. However, 
the number of accidents alone is not a meas- 
ure of the relative economic significance of 
accidents of different types; both the number 
and the severity of accidents must be 
considered. 

By relating the number of accidents as 
shown in table 3 with population, passenger 
cars registered, and licensed drivers, accident 
rates were as follows: 
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Table 4.—Direct cost of motor-vehicle traffic accidents involving passenger cars in Massa- 
chusetts during 1953, classified by type of accident 





Total direct cost— 








Type of accident ace Percent Per 100 mil- 
f cost of total Per Per Per pas- li Per d ae lion vehicle- 
accident | capita |SeDser car) iicense miles of 
registered| operator road travel 
1,000 1,000 
Passenger-car collision with— dollars dollars 
Other motor vehicles- ----- 41, 816 83.3 $381 $8. 76 $33. 75 $22. 50 $1, 707 360 
Pedestrians2.2252 -.-42oeoeo 38, 375 6.7 572 ATA 2.72 1. 82 138 29 
Mixed objectssssoe.-aseeee= 3, 023 6.0 414 . 63 2.44 1. 63 123 26 
Other objects.2-c--2------= 673 1.3 105 14 . 64 ani} Pal 6 
Noncollision accidents--------- 1, 337 2.7 608 . 28 1.08 72 55 ll 
All accidentss2se-2=-4--—= 50, 224 100.0 382 10. 52 40. 53 27.03 2, 050 432 





There was 1 collision between motor vehicles 
for every 44 persons, 1 collision with pedes- 
trians for every 809 persons, 1 collision with 
fixed objects for every 654 persons, 1 colli- 
sion with other objects for every 746 persons, 
and 1 noncollision accident for every 2,170 
persons. 

On the basis of passenger cars registered, 
there was 1 collision between motor vehicles 
for every 11 passenger cars, 1 collision with 
pedestrians for every 210 passenger cars, 
1 collision with fixed objects for every 170 
passenger cars, 1 collision with other objects 
for every 194 passenger cars, and 1 noncollision 
accident for every 563 passenger cars. 

Considering the number of licensed oper- 
ators, there was 1 collision between motor 
vehicles for every 17 drivers, 1 collision with 
pedestrians for every 315 drivers, 1 collision 
with fixed objects for every 255 drivers, 
1 collision with other objects for every 290 


0.40 





TOTAL DIRECT COST 
0.43 CENT 
PER CAR-MILE 








° 
° 





CENT PER PASSENGER-CAR MILE 
° 
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NON- 
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Figure 2.—Direct cost of traffic accidents 
per passenger-car mile of travel in Massa- 
chusetts during 1953, classified by type of 


accident. 
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drivers, and 1 noncollision accident for every 
845 drivers. 

The average direct cost for each type 
of accident, as shown in table 4, was found 
to be as follows: Collisions between motor 
vehicles, $381; collisions of passenger cars 
with pedestrians, $572; collisions with fixed 
objects, $414; collisions with other objects, 
$105; and noncollision accidents, $608. 

These average costs reflect the severity of 
accidents of different types rather than 
their economic importance. It was found 
that noncollision accidents were the most 
severe type of accident, and following in 


order were passenger-car collisions wi 
pedestrians, passenger-car collisions wi 
fixed objects, collisions between motor ve 
hicles, and passenger-car collisions with oth 
objects. 

The overriding economic impact of col 
sions between motor vehicles is made quit 
clear in table 4. Out of every accident dire 
cost dollar, 83 cents applied to this type c 
accident. On the basis of 100 million vehicle 
miles of travel, collisions between moto 
vehicles cost five times as much as all othe 
types of accidents combined. | 

Other types of accidents ranked in orde 
of cost (fractional parts of a dollar) were a 
follows: passenger cars colliding with pedeg 
trians, 7 cents; collisions with fixed objects 
6 cents; noncollision accidents, 3 cents; ani 
collisions with other than fixed objects, 1 cent 

By relating the direct cost data in table 4 t 
population, passenger cars registered, licens 
operators, and road mileages, accident c 
rates were determined as follows: 

The per capita direct cost was $8.76 fo 
collisions with other motor vehicles, 71 cent 
for collisions with pedestrians, 63 cents fo 
collisions with fixed objects, 14 cents fo. 
collisions with other objects, and 28 cents fo 
noncollision accidents. 
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Table 5.—Number of collisions between passenger cars or passenger cars and other moto 
vehicles in Massachusetts during 1953, classified by type of collision i 


Type of collision 





Number and rate of collisions 





Number of collisions 
Percent of total 
Number of collisions per 100 
million vehicle-miles of 


12, 800 
1B as 


193 110 
Number of persons per col- 
lision 212 373 
Number of passenger cars 
registered per collision--___ 55 97 
Number of licensed oper- 
ators per collision 3 83 145 


Side- 
swipe, 
same 
direction 


7, 100 





All 
Backing Side- | collisions 
in swipe, 
traffic | opposite 
lane direction 


Parking | Turning 
maneu- move- 
ver ment 


4, 800 
4.4 


6.5 


61 
1225 
158 
188 


1 Includes ‘‘sideswipe, same direction’? and the four remaining types of collisions. 


Table 6.—Direct cost of collisions between passenger cars or passenger cars and othe 
motor vehicles in Massachusetts during 1953, classified by type of collision 


Type of collision 
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Total direct cost— 


Percent 

Per 100 mil- } jj 

lion vehicle- | 
miles of | 
travel 


Per col- 
lision 





Sideswipe, same direction 
Parking maneuver 
Turning movement 


(Backing, I trate lan Gee gan eee merece cet eee mere ree 


Sideswipe, opposite direction 
All collisions 





41.6 
25.9 
21.7 
4.7 
1.4 
2.7 
3 
7 
0 


— 
S 
Sailers 
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‘able 7.—Number of accidents involving passenger cars (other than collisions between 


Wi 


motor vehicles) in Massachusetts during 1953, classified by type of accident 


Number and rate of accidents 


merrimper or accidents. -- 2-82 2b. LE sae. 
TRACT 0) 41 KOE ee eee OS A ee ae Se 
eer of accidents per 100 million vehicle-miles of 
RDG 652 tt Sa eS ees ey eee eee ree see 
Number of persons per accident___-_______.____- 
Number of registered passenger cars per accident __ 
Number of licensed operators per accident 





able 8.—Direct cost of accidents involving passenger cars (other than collisions between 








Passenger cars colliding with— 
Nonecolli- 
sion Total 
Pedes- Fixed Other accidents 
trians objects objects 
5, 900 7, 300 6, 400 2, 200 21, 800 
Ziel 33. 5 29.3 10.1 100.0 
51 63 55 19 188 
809 654 746 2, 170 219 
210 170 194 563 57 
315 255 290 845 85 











motor vehicles) in Massachusetts during 1953, classified by type of accident 


Total 
Type of accident direct Percent 
cost of total 
1,000 
Passenger-car collision with— dollars 
IREGUSUTIQNS == ono ese nee 3, 375 40.1 
ixedeobjectsseat = easton ate 38, 023 36.0 
Other objects: 20.22 2 se ee 673 8.0 
Noncollision accidents____._--..-_-_-- 1, 337 15.9 
PAU ACCIUGNtS 2222-2 eerie 8, 408 100.0 





The direct cost per passenger-car registered 


as $33.75 for passenger-car collisions with 


Ot 


on 


her motor vehicles, $2.72 for collisions with 
,destrians, $2.44 for collisions with fixed 
yjects, 54 cents for collisions with other 
yjects, and $1.08 for noncollision accidents. 
‘The direct cost per licensed passenger-car 
yerator was $22.50 for passenger-car colli- 
ons with other motor vehicles, $1.82 for 
llisions with pedestrians, $1.63 for collisions 


ith fixed objects, 36 cents for collisions with 


iher objects, and 72 cents for noncollision 


:cidents. 

The direct cost per mile of road was $1,707 
r passenger-car collisions with other motor 
shicles, $138 for collisions with pedestrians, 


%.23 for collisions with fixed objects, $27 for 


llisions with other objects, and $55 for 


pneollision accidents. 


ile 
lee 


Figure 2 shows that the cost of operating a 


jussenger car 1 mile was 0.36 cent for collisions 


‘tween motor vehicles, 0.029 cent for pas- 
nger-car collisions with pedestrians, 0.026 
nt for passenger-car collisions with fixed 
yjects, 0.006 cent for passenger-car collisions 


ith other objects, 0.011 cent for noncollision 


‘cidents, and a total accident direct cost of 


i43 cent per mile. 


Collisions Between Motor Vehicles 


All collisions between motor vehicles fall 
to one of the eight collision types as shown 
table 5. The different types of collisions 
‘e listed in the order of their numerical 
yportance. Angle collisions, which were by 
r the most numerous, accounted for nearly 
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Total direct cost— 
Per 100 
Per Per Per pas- Per million 
accident | capita | senger car licensed vehicle- 
registered | operator miles of 
travel 
1,000 
dollars 
$572 $0. 71 $2. 72 $1. 82 29 
414 . 63 2. 44 1. 63 26 
105 .14 . 54 . 36 6 
608 28 1.08 212 i 
386 1.76 6. 78 4, 53 72 











half of the collisions between motor vehicles. 
About 1 out of 5 collisions was a rear-end 
collision, and one in 9 was a head-on collision. 
These three collision types accounted for 80 
percent of all collisions between motor vehicles. 

There were less than half as many rear-end 
collisions and approximately one-fourth as 
many head-on collisions as there were angle 
collisions per 100 million vehicle-miles of 
travel. On this same basis there were more 
rear-end collisions than there were collisions 
of the following five types combined: side- 
swipes in the same direction, parking-maneuver 
collisions, turning-movement collisions, back- 
ing-in-traffic-lane collisions, and sideswipes in 
the opposite direction. In fact, these five 
types together accounted for only one-fifth of 
all collisions between motor vehicles. 

Collision rates based on travel, population, 
registered vehicles, and licensed operators 
further emphasize the high frequencies of the 
angle type of collision. 

It is evident from table 6 that angle col- 
lisions ranked far above all other types in 
economic importance. Almost 42 cents of the 
direct-cost dollar spent for collisions between 
motor vehicles resulted from angle collisions. 
The rear-end collision ranked second and 
accounted for almost 26 cents of every dollar 
spent for collision accidents. Following 
closely were head-on collisions, which ac- 
counted for almost 22 cents of every collision- 
cost dollar. The five remaining types of 
collisions were of considerably less economic 
importance. Together they accounted for 
less than 11 cents of every dollar. 


A comparison of the average direct cost per 
collision reveals that the head-on type of 
collision was by far the most expensive of 
all types, and was followed in order by rear- 
end, sideswipe (opposite direction), and 
angle collisions. 

The direct cost of operating a passenger 
car 1 mile, as shown in figure 3, was 0.15 cent 
for angle collisions, 0.09 cent for rear-end 
collisions, 0.08 cent for head-on collisions, and 
0.04 cent for all other types of collisions. The 
total direct cost of all types of collisions 
between motor vehicles was 0.36 cent per mile 
of passenger-car operation. 


Accidents, Excluding Collisions 
Between Motor Vehicles 


Passenger-car accidents other than col- 
lisions between motor vehicles are ordinarily 
classified into eight types as follows: collisions 
with fixed objects, collisions with pedestrians, 
collisions with bicycles, collisions with animals 
or animal-drawn vehicles, collisions with 
railroad trains, collisions with streetcars, 
collisions with other objects, and noncollision 
accidents. However, since accidents involy- 
ing collisions with bicycles, animals or animal- 
drawn vehicles, trains, and streetcars together 
accounted for less than 3,000 of the almost 
22,000 passenger-car accidents, excluding 
collisions between motor vehicles, these four 
accident types were combined with other 
objects in tables 7 and 8. 

Of the 21,800 accidents other than collisions 
between motor vehicles, 1 out of 10 was a 


0.20 


TOTAL DIRECT COST 
0.36 CENT 
PER CAR-MILE 


© 
a 


° 


0.05 


CENT PER PASSENGER-CAR MILE 
°o 





ALL 
OTHER 


TYPE OF COLLISION 
Figure 3.—Direct cost of collisions between 
passenger cars or passenger cars and other 
motor vehicles per passenger-car mile of 
travel in Massachusetts during 1953, clas- 
ified by type of collision. 
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noncollision type in which the vehicle turned 
over in the road or ran off the road without 
striking anything. In 9 out of 10 accidents, 
the passenger car struck something other than 
another motor vehicle. 

The costs shown in table 8 represent 16.6 
percent of the total direct cost of all motor- 
vehicle traffic accidents experienced by Massa- 
chusetts passenger-car drivers during 1953. 
Not included in the table are collisions be- 
tween motor vehicles. 

Among the four types of accidents shown, 
collisions with pedestrians were of the greatest 
economic importance. Collisions with fixed 
objects ranked second, noncollision accidents 
ranked third, and collisions with other objects 
ranked last. On the basis of cost per accident, 
the noncollision-type accident ranked first and 
was followed by collisions with pedestrians, 
collisions with fixed objects, and collisions with 
other objects. 


Direct Costs Summarized 


The severity-class dollar illustrated in figure 
4 is representative of the $50,224,000 spent on 
accidents in Massachusetts during 1953. This 
diagram shows that the cost of nonfatal-injury 
accidents is greater than that of fatal accidents 
and property-damage-only accidents com- 
bined. The diagram also portrays the minor 
economic role of fatal accidents. 

The accident-type dollar, as diagramed in 
figure 4, brings accidents of different types into 
proper economic perspective. It illustrates 
the overriding economic importance of colli- 
sions between motor vehicles. 

Figure 4 also illustrates the allocation of 
costs for the various types of collisions between 
motor vehicles. Angle, rear-end, and head-on 
collisions accounted for 90 cents of the colli- 
sion-between-motor-vehicles dollar. 

The noncollision and collision-with-objects 
dollar, as diagramed in figure 4, is the equiva- 
lent of a 17-cent segment of the accident-type 
dollar. It is representative of the $8,408,000 
spent for noncollision accidents and passenger- 
car collisions with objects other than another 
motor vehicle. 


Continued from page 37) 


weighted average truck speed was entered in 
figure 6 to determine from the curve the truck 
equivalent in terms of passenger cars. Capac- 
ity analysis then was completed as previously 
described. 

Descriptions of working procedures and the 
application of these data in estimating the 
requirements for truck lanes or other design 
modifications are discussed also in the manuals 
(7, 8) published by the State highway de- 
partments of Kentucky and Tennessee. 
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A simple and portable instrument for use 
_ estimating the compressive strength of 
uirdened concrete in place has been de- 
loped recently. The device, popularly 
town as the Swiss Hammer, is designed for 
Id use and is not intended as a substitute 
r control testing. It is being used in the 
eld to gage increases in concrete strength 
ith age and in locating low-strength areas 
hen laboratory tests of control concrete 
‘linders or other conditions indicate that 
tch areas might exist. It is also useful in 
urveys of old structures. The results of the 
‘sts given in this article show that factors 
tch as surface smoothness, surface mois- 
tre condition, and type of coarse aggregate 
fect the strength values obtained by the 
se of the device. 


TEST METHOD which is simple, quick, 
and nondestructive has been developed 
7 Ernest Schmidt, a Swiss engineer, for esti- 
ating the compressive strength of hardened 
merete in place. The device consists of a 
eel plunger or hammer, free to travel in a 
tbular frame. When the head of the hammer 
pressed against the surface of concrete, the 
ummer is retracted into the frame against 
ie force of a tension spring. When the head 
completely retracted, the spring is auto- 
atically released driving the hammer against 
1e concrete. A small sliding pointer indicates 
ie rebound of the hammer on a graduated 
tale. The scale is 75 mm. in length, and 
‘ads from zero to 100 in equally spaced divi- 
ons. The amount of this rebound, R, was 
vand by the inventor to be related to the 
ympressive strength of concrete. 


: This article was presented at the 3,th Annual Meeting 


the Highway Research Board, Washington, D. C., Jan- 
ry 1958. 


oe HAMMER ROD 


/ 


A number of research organizations have 
studied the performance of the Swiss Hammer 
both in the laboratory and in the field. The 
consensus of their reports is that the empirical 
relationships between hammer rebound and 
strength are affected by moisture conditions 
of the concrete and type of aggregate, thus 
limiting the usefulness of the hammer to cases 
where an approximation of strength is all that 
is required. However, these reports do not 
include sufficient data to determine fully the 


capabilities of this instrument. 


Testing Procedure 


The surface of the concrete selected for test 
should be smooth and free from any rough 
spots or honeycomb. A surface produced by 
form work or troweling is usually satisfactory. 
When necessary, a smooth surface may be 
prepared by rubbing with a carborundum 
stone an area approximately 2 inches in 
diameter. A suitable stone is furnished in 
the carrying case of the apparatus. 

In performing the test, the hammer is held 
perpendicular to the surface of the concrete 
and pressed against it until the hammer is 
released and strikes the surface of the con- 
crete. While the device is still pressed firmly 
against the concrete, a button on the side of 
the instrument is pressed which locks the point- 
erin position. This permits the removal of the 
device to facilitate reading the amount of re- 
bound. The apparatus is shown in figure 1. 

For any selected area, five or more rebound 
readings are taken and the average of these 
readings is used to estimate the compressive 
strength. Areas where the reinforcing steel 
is known to be close to the surface, or where 
the coarse aggregate is exposed, are avoided. 

The manufacturer of the instrument fur- 
nished a graph showing the relation between 


-—_ POINTER OR 
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Figure 1.—Swiss rebound hammer. 
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Jse of the Swiss Hammer for Estimating the 
sompressive Strenéth of Hardened Concrete 


Reported! by WILLIAM E. GRIEB, 
Highway Physical Research Engineer 


the compressive strength of the concrete and 
the rebound readings. This graph has been 
reproduced as figure 2. The data for estab- 
lishing the relation represented by the curve 
were based on tests by the Swiss Federal 
Testing Laboratory. The curve for esti- 
mating the compressive strength shows values 
of rebound obtained when the hammer is held 
in a horizontal position against a vertical 
concrete surface. For other than horizontal 
positions of the hammer, a correction factor 
should be applied to the rebound readings 
before using the curve for estimating the 
strength of the concrete. A chart giving 
these correction factors was furnished by the 
manufacturer. These factors vary with the 
angle from the horizontal and the amount of 
the rebound; as the rebound reading increases, 
the correction factor decreases. For example 
with a rebound reading of 30, the corrections 
applied are as follows: 


Angle from 
horizontal 


Correction 
(upward) factor 
OO SS Nie sa) Pang. See aes —6 
GOP Ree oe Sire be ey —5 
Bie Tene By! es a —3 
Oe ere ot lps a ee ee 0 
(townward) 
3) Cas 5 ae Rs, ee eS +2 
COSSE ee ete Sa Pe oe es +3 
OO BR ORS Dn yar ieee Tes 2 +4 


Laboratory Tests 


To determine the value of the Swiss Ham- 
mer as a tool for use in estimating the strength 
of concrete used in highway construction, 
three series of laboratory tests were made as 
well as numerous associated studies. 


Series lL 


The specimens used in this series were 6- 
by 12-inch cylinders submitted from various 
field projects. The concretes covered a wide 
variation in mixes and materials. All tests 
were made on specimens in a moist condition. 
Rebound readings were taken on the sides of 
the cylinders just prior to tests for compressive 
strength. The cylinders were tested in a 
vertical position with the side of the cylinder 
resting against an 8- by 12-inch machined- 
steel plate which in turn was supported by a 
wall of the laboratory. The hammer was 
held horizontal and perpendicular. to the side 
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Figure 2.—Relation between compressive strengths and rebound readings as determined 
by the manufacturer. 


of the cylinder. Usually 12 readings were taken 
on the side of each cylinder—3 readings on each 
quadrant with one reading 1 inch from the top, 
one at the center, and the other 1 inch from 
the bottom. Immediately after the rebound 
readings were taken, the cylinders were tested 
for compressive strength in a 400,000-pound 
hydraulic testing machine. 

The results of the impact hammer and 
compressive strength tests on these cylinders 
are shown in figure 3. The upper curve 
represents the average relation between the 
rebound readings and the actual compressive 
strength. The strengths as shown by this 
curve are approximately 50 percent higher 
than the compressive strengths corresponding 
to the same rebound readings as shown in the 
curve furnished with the hammer. For 
example, the compressive strength for a re- 
bound reading of 20, as determined from the 
curve for this series of tests, would be 2,750 
p.s.i. as compared with 1,850 p.s.i. from the 
manufacturer’s curve. For a rebound reading 
of 30, the compressive strength from the 
series 1 tests would be 5,300 p.s.i. as compared 
with only 3,600 p.s.i. from the manufacturer’s 
curve for the same rebound reading. 


The results of these tests indicated that the 
concrete cylinders held in the manner de- 
scribed did not have enough mass or rigidity 
to give reliable rebound readings, and that 
some of the energy from the blow may have 
been absorbed by movement of the cylinders. 


Series 2 

A second series of tests was made on another 
group of 6- by 12-inch cylinders submitted 
from projects under construction. To hold 


the cylinder firmly while the readings were 
taken with-the hammer, each cylinder was 
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put in the compression testing machine and a 
small load applied. A load of approximately 
300 p.s.i. was found sufficient. Tests showed 
that greater loads had no effect on the rebound 
readings. After the rebound readings were 
taken, the cylinders were tested for compres- 
sive strength. 
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Figure 3.—Relation between compressive strengths and rebound readings on 6- by 12-inch iT 
concrete cylinders—series 1 tests. } 


gates are shown in figure 7. The curve for 





The results of these tests are shown 
figure 4. The compressive strength for an 
rebound reading, as determined from t 
upper curve in figure 4, is approximately 12 
percent higher than the compressive strengtk 
based on the curve submitted by the manu- 
facturer of the hammer. Figure 5 shows 
the Swiss Hammer being used in the series 
2 laboratory tests. . 


are 


Series 3 


In series 3 tests, the effect of type of coarse 
aggregate on the rebound-compressive strength 
relation was studied. All of the concrete 
cylinders were made in the laboratory and 
were tested as described in series 2. In the 
first part of the series (series 3A), four differ: 
ent gravels were used in making the cylinders | 
tested. The results of the tests on these 
specimens are shown in figure 6. The spread 
in compressive strength among the curves 
representing the concrete prepared with the 
four gravel coarse aggregates varied from, 
250 to 600 p.s.i. : 

In the second part of this series, compari: 
sons were made between concrete prepared 
with a siliceous gravel and crushed limestone, | 
The curves giving the average relation 
between rebound readings and compressive 
strength for concrete containing these aggre- 











COMPRESSIVE STRENGTH: 





the concrete prepared with crushed stone 
aggregate indicated about 25 percent greater 
strength for a given rebound reading than for 
the concrete prepared with gravel. 

The curve for the relation between rebound 
readings and compressive strength for the 
gravel concrete corresponds very closely to 
that furnished by the manufacturer and shown 
in figure 2. 
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igure 4.—Relation between compressive strengths and rebound readings on 6- by 12-inch 
concrete cylinders—series 2 tests. 


These tests show that type of coarse aggre- 
gate is a governing factor in the rebound- 
‘compressive strength relation. This means 
‘that the Swiss Hammer is of most value in 
making comparative tests on concrete pre- 


‘pared with the same coarse aggregate. If 


comparisons between concretes prepared with 
different aggregates are desired, curves for 
the rebound-compressive strength relation 
‘for each aggregate should be obtained. 


Associated Tests 


Rebound readings were taken on the top 
and bottom of cylinders as cast prior to 
capping as well as on the sides. The readings 
were taken as described in the series 1 tests. 








Figure 5.—The Swiss Hammer as used in 
the series 2 tests. 
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There was considerable difference in the 
readings on the top, bottom, and sides of the 
same cylinder. The results are shown in 
table 1. This table also shows the estimated 
compressive strengths, which correspond to 
these readings, taken from the curve furnished 


7,000 


6,000 


by the manufacturer and the actual com- 
pressive strength of the concrete. 

The average of the readings taken on the 
bottoms of all of the cylinders was 23 
percent higher than the average of the read- 
ings taken on the sides of the cylinders, 
whereas the average of the readings on the top 
was only 5 percent higher. An explanation 
for some of this difference could be a difference 
between the quality of the concrete in the 
top and bottom of the cylinder. It is also 
possible that the cylinders were in a more 
rigid position when the readings were taken 
on the top and bottom than they were when 
readings were taken on the side. 

Rebound readings were taken on a few 
cylinders in a dry condition and then on the 
same cylinders after immersion in water for 
24 hours. The readings on the cylinders in 
a dry condition in all cases were larger than 
those in a moist condition. The results of 
these tests are shown in table 2. The esti- 
mated compressive strengths taken from the 
manufacturer’s curve are also shown in this 
table. 

A study was made to determine whether 
the rebound readings increased with age as 
the compressive strength increased. Of 12 
concrete cylinders made from the same batch 
of concrete, 4 were tested at an age of 5 days, 
4 at 10 days, and 4 at 20 days. The results 
of these tests are shown in table 3. The 
estimated compressive strength and _ the 
actual compressive strength of this concrete 
are also shown. The increase in rebound 
values was approximately proportional to the 
increase in the actual compressive strength. 

Studies were made of the uniformity of the 
concrete in 6- by 6- by 21-inch beams, and 








5,000 


COMPRESSIVE STRENGTH - P.S.1, 














4,000 





3,000 
2 








GRAVEL 
GRAVEL 
GRAVEL 
GRAVEL 


NO. | 
NO. 2 
NO, 3 
NO. 4 


REBOUND READING-'R™ 


Figure 6.—Effect of gravel from different sources on rebound readings of 
6- by 12-inch concrete cylinders—series 3A tests. 
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Figure 7.—Effect of type of coarse aggregate on rebound readings of 6- by 12-inch concrete 
cylinders—series 3B tests. 


rebound readings were made on the sides, 
top, bottom, and ends of 29 beams. Five 
tests were made on the ends of each beam 
and 10 tests on each of the other faces. 
Average values for the entire group of beams 
were as follows: 


Rebound 
Face of beam value 
Didé.. Ae sa eae oe eee 25. 5 
lop ae eee a ee 23. 6 
Bottommeeees soe eae oa 26. 1 
ind Seer ee ce ee 28. 2 


It is believed that these values correctly 
reflect slight differences between the quality 


of the concrete in different faces of the beams, 
With consideration given to the tendency of 
concrete to “bleed,” the bottom of a beam 
should be more dense and have a higher 
rebound reading than the sides or the top. 
The rebound tests at the ends of the beams 
were made on a concrete specimen with a 
depth of 21 inches—3% times the depth of 
concrete at any other point. This may be 
the reason for the greater readings. 

A study was also made of the relation 
between rebound readings taken on the ends 
of 6- by 6- bye2l-inch beams and readings 
taken on the sides of 6- by 12-inch cylinders. 


Table 1.—Rebound readings on top, bottom, and side of 6- by 12-inch concrete 














cylinders 
' Average Estimated Average Estimated Average Estimated Actual 
Cylinder rebound compressive | rebound | compressive | rebound | compressive | compressive 
number reading strength 2 reading strength 2 reading strength 2 strength 3 
on side! on top ! on bottom ! 
123s 0 IOS es ID Psat 
1 18.3 1, 640 20. 8 1, 960 24, 2 2, 480 2, 410 
2 19, 2 1, 750 22, 2 2, 160 23.8 2, 420 3, 210 
3 20.8 1, 960 21.8 2, 100 27.4 3, 050 3, 250 
4 21.3 2,040 21.6 2, 050 29,4 3, 420 2, 980 
5 2183 2, 040 22.0 2,130 25. 4 2, 690 3, 290 
6 22.2 2, 160 22.0 2, 130 29. 2 3, 380 2, 800 
7 22.8 2, 250 24.3 2, 500 26.9 2, 960 3, 080 
8 23.0 2, 280 23. 5 2, 360 27.4 3, 050 2, 950 
9 23. 5 2, 360 24.9 2, 600 28.0 3, 160 3, 270 
10 25. 6 2, 730 26. 0 2, 800 30. 6 3, 650 3, 900 
11 26.9 2, 960 31.0 3, 730 34.8 4, 560 3, 870 
12 26.9 2, 960 26. 5 2, 890 30. 2 3, 570 4,180 
13 27.9 3, 140 30.0 3, 530 32.8 4,120 3, 800 
14 28.0 3, 160 27.0 2, 980 33.8 4, 340 4,790 
15 28.7 3, 290 29. 2 3, 380 33. 8 4, 340 4,700 
16 29. 4 3, 420 32.2 3, 980 35. 8 4, 780 4, 200 
Average__ 24.1 2, 510 25.3 2, 700 29.6 3, 500 3, 540 
Index_--- 100) aes | eee 105: ethan eso. sae 123° = ei), sees s 








' Each rebound value on side is an average of 12 readings; values on top and bottom are averages of 5 readings. 


2 Estimated values taken from curve in figure 2. 
§ Results of strength tests on cylinders. 
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A beam and a corresponding cylinder were | 
made from the same batch of concrete. Half” 
of the total number of specimens contained — 
gravel coarse aggregate and the other half 
contained crushed stone. The readings were 
taken on the beams held against the wall and 
the cylinders were placed in the testing 
machine with a small applied load as described 
in the series 2 tests. The beams were tested 
for flexural strength after the rebound 
readings were made. 


The rebound values are shown in table 4 | 


for both beams and cylinders, together with — 
the actual compressive strengths of the cylin-— 
ders and the flexural strengths of the beams. — 


The average of all rebound readings on the | 
cylinders for gravel concrete was 31.2 as com- | 


pared with 30.9 for the beams made with 
gravel concrete. The average rebound read-_ 
ing was 32.3 for both cylinders and beams — 
made from stone concrete. 

There appears to be a definite relation be-— 
tween rebound readings taken on the ends of 
the beams and the flexural strength for this 
series of tests. This relation is shown in 
figure 8. 


The Swiss Hammer could be used to esti- | 


mate the flexural strength of paving concrete. 
Readings taken on control beams would indi- 
cate increases in flexural strength with age. 
From these readings, the age at which flexural 
strength tests should be made to meet speci-_ 
fication requirements may be determined. 
This would reduce the number of control — 


beams necessary. 


Field Tests 


The Swiss Hammer was used to estimate 
the strength of several concrete structures in 
the field. In one case, tests were made on~ 
three beam sections cast for post tensioning i 
for use in a concrete bridge. Readings were 
taken on all beams prior to stressing and on one 
beam after stressing. a 

The concrete used in the beams was made 1 
with gravel aggregate. Each beam measured — 
approximately 3 feet by 3 feet by 75 feet. 
Rebound readings were taken along the length 
of the beam at intervals of about 3 feet from 
one end to the center. Three readings were 
taken at each location: one reading 5 to 10 
inches from the top, one at the center, and 
the other about 10 inches from the bottom. 
The beams were cured with wet burlap on the 
job site and were in a moist condition when _ 
readings were taken. Figure 9 shows the 
hammer being used on these beams. 

Concrete cylinders for control were cast at 
the same time the beams were made. These 
were stored on the job for 5 days and then 
taken to a laboratory for moist storage and 
testing. 

The rebound readings on the beams, the 
estimated compressive strength of the con- 
crete in each beam as obtained from the 
curve furnished by the manufacturer (fig. 2), 
and the actual strengths of the test cylinders 
are shown in table 5.. The average estimated 
compressive strengths of the beams were 
approximately 20 percent greater than the 
average compressive strengths of the test 
cylinders. Differences in curing and testing 
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Table 2.—Rebound readings on concrete cylinders 
in dry condition and after 24 hours immersion 


in water ! 


Average 
rebound 
reading, 


dry 
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1 Kach value is an average of 12 readings. 


cylinders was 14 days. 


Estimated 
compressive 
strength 2 


Pasa 
2, 940 
3, 100 
3, 120 
3, 220 
3, 280 


3, 420 
4, 540 
4, 620 
4,780 
5, 170 


3, 820 





Estimated 
compressive 
strength 2 


Average 

rebound 

reading, 
wet 





Approximate age of dry 


2 Estimated values taken from curve in figure 2. 


procedures or in materials used may account 
for this variation. 

With few exceptions the individual rebound 
readings show very little variation from the 
average. A few readings were excluded be- 
cause the hammer had probably been held 
against a piece of exposed aggregate or against 
a thin layer of mortar over a void. 

The Swiss Hammer was also used on the 
piers of a bridge which were about 2% years 
old. The average compressive strength of 
control test cylinders at the age of 28 days 
was reported as 4,500 p.s.i. The aver- 
age estimated compressive strength of this 
concrete at 2% years, as determined from 
the rebound readings given in table 6 and the 
curve in figure 2, was 5,660 p.s.i. 


The reconstruction of a bridge which was 
about 38 years old offered an excellent op- 
portunity to try the Swiss Hammer on con- 
crete in place and on specimens obtained for 
tests in the laboratory. This concrete was in 
good condition. Swiss Hammer readings were 
taken at four locations on the vertical face of 
the hand rail of the bridge. The average 
rebound reading of 40.9, when checked against 
the curve in figure 2, indicates a compressive 
strength of 5,850 p.s.i. 

Three prisms approximately 6 inches square 
and 9 inches high were sawed from the hand 
rail at about the same location where the re- 
bound readings were taken. After these 
specimens had been prepared for tests of com- 
pressive strength, they were placed under a 


Table 4.—Relation between rebound readings on concrete cylinders and beams prepared 
with two types of aggregate ! 


Gravel concrete 


Actual 
compressive 
strength of 

cylinders 


Rebound reading 
Modulus 
of rupture 
Side of ot beams 


cylinders 2 


End of 
beams 2 


3, 900 
3, 490 
4, 200 445 


3, 990 480 
3, 820 480 
3, 790 560 
3, 880 535 
3, 860 595 


4, 950 615 
4, 450 610 
4, 640 575 
4, 960 490 
5, 400 590 


4, 780 675 
4, 420 610 
5, 140 595 
5, 440 650 


(3, 950) (515) 


0 
2 
7 
7 
8 
3 
4 
4 
6 
6 
u 
9 
0 
1 
5 
2 
9 
2 


29. 
29. 
29. 
29. 
29. 
30. 
30. 
31. 
31. 
31. 
31. 
32. 
33. 
33. 
34. 
35. 
35. 
36. 


40.0 
33. 8 
39.4 
40.5 


(31. 2) (30. 9) 





Stone concrete 


Actual 
compressive 
strength of 
cylinders 


Rebound reading 
Modulus 
of rupture 
Side of of beams 


cylinders 2 


End of 
beams 2 


a eo Se 


32.6 
30. 4 
29.3 
31.4 


33. 6 
32.0 
34, 4 
31.9 
31.8 


35. 3 
37.3 
37.6 
37.5 
38. 8 925 


36. 9 845 
40. 2 925 
39. 6 915 
41.9 925 


(32, 3) (5, 350) (790) 


CO WOWwWH WwWWWwWH Wwwwtd SSR Ag ae NNhwwry 


SIS PROP OOCS RENIN ININS) (S rO  s0) 50.00/00 ¢ 
mH WWBOSCTI ARNND SCHORR BRORHO SRW 


(32. 3) 


1 Figures in parentheses are average values for all tests. 


2 Bach value is an average of 10 or 12 readings, 
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Table 3.—Rebound readings on concrete 
cylinders tested at various ages 


Estimated 
compressive 
strength 2 


Average 
rebound 
reading ! 


Actual | 
compressive 
strength 3 


Age at test 





Dae te 
2,110 
2, 620 
3, 220 





1 Each rebound reading is an average of 12 readings on each 
of 4 cylinders. 

2 Estimated values taken from curve in figure 2. 

3 Results of strength tests on cylinders. 


small load in the testing machine. Rebound 
readings of these specimens had an average 
value of 41.2, corresponding to an estimated 
compressive strength of 5,980 p.s.i. The 
actual compressive strength of the three 
prisms corrected for H/D (height over depth) 
averaged 5,470 p.s.i. 

In two of the three trials of the Swiss Ham- 
mer on concrete structures, direct compari- 
sons could be made between the actual com- 
pressive strength of test specimens represent- 
ing the concrete and the compressive strength 
as determined from the rebound reading and 
use of the curve in figure 2. In both cases, 
the rebound reading indicated a strength 10 
to 20 percent higher than was obtained by 


Table 5.—Rebound readings obtained with 
Swiss Hammer in field tests of beams 
for a post-tensioned bridge 


Beam 

No. 4,! 
age 29 
days 


Beam 
No. 4, 
age 21 
days 


Beam 
No. 2, 
age 35 
days 


Beam 
No. 5, 
age 16 
days 


REBOUND READINGS 2 














(35. 2) (38. 1) (37. 0) (38. 0) (40. 1) 











COMPRESSIVE STRENGTH $ (p. s, i.) 





(5, 040) 
4, 600 
510 


(5, 260) 
4, 600 
514 


(5, 720) 
4, 700 
5 22 


(4, 640) 
3, 700 
525 


(5, 280) 
4, 100 
5 29 





1 Readings taken after beam had been stressed. 

2 Figures in parentheses are averages of all rebound 
readings. 

3 Readings not included in averages, 

4 Figures in parentheses represent estimated compressive 
strengths of concrete, whereas figures immediately below 
are the actual compressive strengths of the control cylinders. 

5 Percentage that estimated compressive strength exceeded 
actual compressive strength of control cylinders. 
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REBOUND READINGS -’R" 


Figure 8.—Relation between flexural strengths and rebound readings on 6- by 6- by 21- 
inch concrete beams prepared with two types of aggregate. 


testing the specimens. It is apparent that 
the curve given in figure 2 should be used with 
reservations. For the best determinations, a 
curve should be prepared showing the rela- 
tion between strength and rebound reading 
for concrete of the same type and composi- 
tion as that to be inspected. 

Considerable wear was found on the face of 
the striking rod of the Swiss Hammer after 
making the tests described in this article. 
Check tests made in the laboratory showed 
little effect on the indicated reading from this 
wear. However, for extended use it would be 
desirable, to have a harder wearing surface 
on the face of the hammer. 


Factors Affecting Results of Tests 
Using Swiss Hammer 


In using the Swiss Hammer, there are a 
number of factors which affect the readings. 
The following conditions should be consid- 
ered in interpreting the results: 

Condition of the surface of the concrete.— 
Readings taken on a polished surface are high, 
whereas readings taken on a rough surface 
(such as a broomed surface) are low. 

Moisture condition on the concrete.—Con- 
crete in a moist condition gives a lower read- 
ing than concrete in a dry condition. 

Type of coarse aggregate—The type of 
coarse aggregate used and possibly the com- 
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position of the concrete affect the amount of 
rebound. 


Value of the Swiss Hammer 


The Swiss Hammer provides a quick and 
inexpensive method for checking the uni- 
formity and estimating the strength of hard- 
ened concrete. It is not intended as a sub- 
stitute for control test cylinders, nor is it in- 
tended to give an accurate measure of the 
compressive strength of the concrete. It is 
valuable for use in the field for “trouble 
shooting” to determine whether test cores 
are needed and where they should be drilled. 
It may be used to determine the rate of in- 
crease in strength of concrete and to deter- 
mine when forms can be removed or loads 
applied. It may also be used to estimate the 
extent of damage to structures caused by 
freezing or fire, and to judge the quality of the 
concrete in old structures. 
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Table 6.—Rebound readings obtained wit 
a Swiss Hammer in field testing of bridge 
piers 


Rebound readings ! for— 


Center 
pier, : 
west 


Center 
pier, 
east 














| 
1 The respective average rebound readings and estimated © 
compressive strengths of concrete cylinders were as follows: | 0 
west pier, 41.6 and 6,030 p. s. i.; center pier (east side), 40.8 
and 5,870 p. s. i.; center pier (west side), 39.3 and 5,550 p. s. i.5 H 
and east pier, 37.7 and 5,200 p. s. i. a | 








i 

Figure 9.—Swiss Hammer being used in |i 
field testing. yh 
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3UREAU OF PUBLIC ROADS 


WIND TUNNEL for aerodynamic test- 
ing of section models of suspension 
' ridges has been constructed at the Bureau of 
’ublic Roads Research Station near Langley, 
‘a. It was designed by personnel of the 
sureau of Public Roads after consulting with 
fficials of the Aeronautics Section of the 
Jational Bureau of Standards. Much of the 
i perating equipment and instrumentation was 
‘lso built in the Bureau’s shops. <A few 
aistruments are yet to be provided. 


The failure of the Tacoma Narrows Bridge 
n November 7, 1940, in a wind of moderate 
elocity made it evident to engineers con- 
erned with the design of suspension bridges 
hat it would be necessary to make a thorough 
ivestigation of the performance of bridges of 
nis type when subjected to wind action, if 
fiture bridges were to be designed with 
Yssurance that they would be safe from 
Jatastrophic motion. Upon the request of a 
‘epresentative group of these engineers, the 
/ommissioner of Public Roads organized the 
-}.dvisory Board on the Investigation of Sus- 
tension Bridges for the purpose of initiating 
nd correlating such investigations. Follow- 
Jig the recommendation of the Advisory 
ioard, the Bureau engaged in several investi- 
ations in cooperation with the Washington 
‘oll Bridge Authority, the University of 
‘Vashington, the Golden Gate Bridge and 
““lighway District, the American Institute of 
teel Construction, and the Oregon State 
_|lighway Department. 


Previous Studies 


_ The studies that were made in cooperation 
ith the Washington Toll Bridge Authority 
ud the University of Washington accom- 






tiffened Tacoma Narrows Bridge and indi- 
ating the design provisions needed to insure 
he stability of the new truss-stiffened struc- 
ure which has replaced it. These studies also 
howed how a scaled section model, represent- 
ag a limited length of a suspension bridge and 
1ounted in the wind tunnel on properly 
esigned springs, may be used to show the 
‘erodynamic characteristics of the bridge 
vithout the necessity of testing a complete 
icale model. 


The studies were extended to cover a num- 
ver of other girder- and truss-stiffened bridges 
aeluding the Golden Gate Bridge as originally 
uilt. The cooperative observations on the 
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Golden Gate Bridge provided the opportunity 
to correlate the behavior of a bridge in the 
field and its model in the wind tunnel. Ana- 
lytical studies by the late Dr. Friedrich 
Bleich,! made possible through the cooper- 
ation with the American Institute of Steel 
Construction, provided rational correlation 
with both the laboratory tests and the field 
observations. 

Major design features which provide aero- 
dynamic stability in the new Tacoma Narrows 
Bridge are (1) the bottom lateral system which 
materially increases the torsional stiffness of 
the structure and raises the frequency of any 
torsional oscillation which might occur, and 
(2) the grated slots in the roadway which 
break up the action of wind forces tending to 
excite ‘‘flutter,’’ a form of coupled oscillation 
of bending and torsional motions. The studies 
have shown these design features to be effec- 
tive in stabilizing other truss-stiffened suspen- 
sion bridge sections but the nature and degree 
of the benefit varies. For this reason, tests 
and studies on a specific design are considered 
advisable in order to establish the effectiveness 
and optimum proportions of the stabilizing 
features. Brief studies on means for stabiliz- 
ing girder-stiffened sections have not as yet 
yielded full solutions, and additional data on 
this factor are needed. 

The wind tunnel at the University of 
Washington, which was specially designed for 
testing suspension bridge models, was of 
temporary construction and will not be avail- 
able for continued studies. The Advisory 
Board on the Investigation of Suspension 
Bridges recommended that the Bureau of 
Public Roads provide facilities to continue the 
testing of section models. A nationwide sur- 
vey indicated that it would cost less to provide 
and operate a special wind tunnel in the labora- 
tory of the Bureau than to make the test- 
section adaptations and other modifications 
required to equip an ordinary wind tunnel for 
this special type of testing. The use of an 
ordinary wind tunnel would result in an 
intermittent test program because of the 
necessity of fitting the program into an 
already crowded working schedule. 

Mr. George 8S. Vincent, who for 11 years 
represented the Bureau of Public Roads at 
the University of Washington while the coop- 
erative wind-tunnel studies were being made 
there, will be in charge of the Bureau’s research 
program on bridge section models. Mr. 

1 The mathematical theory of vibration in suspension bridges, 


by Bleich, McCullough, Rosecrans, and Vincent. Chapters 
3-8. Bureau of Public Roads, 1950. 


Wind Tunnel for Aerodynamic Testing 
of Section Models of Suspension Bridges 


3Y THE DIVISION OF PHYSICAL RESEARCH 


Vincent is a coauthor of the report Aero- 
dynamic Stability of Suspension Bridges with 
Special Reference to the Tacoma Narrows 
Bridge, which was published as a result of the 
studies made at the University of Washington. 


Description of Wind Tunnel 


The type of testing required for bridge 
section models utilizes only relatively low 
wind velocities but demands fine control of the 
wind and more than ordinary precision in the 
measurement of wind velocity. Provision for 
varying the direction of the wind in the 
vertical plane is also required. The test 
section of the new tunnel is open and has a 
nozzle 6 feet square. Control of the vertical 
angle of the wind is accomplished by rotating 
the nozzle about the cylindrical pressure 
chamber. The model, mounted on springs 
designed to reproduce the proper scaled fre- 
quency of oscillation, can be moved vertically 
and longitudinally on its supporting mecha- 
nism in order to place it in the desired position 
in the windstream, 

Wind velocities up to about 50 feet per 
second are provided by a 60-inch double inlet 
fan driven by a 50-horsepower direct current 
motor which can be controlled continuously 
from creep to a maximum speed of about 500 
r. p.m. The airstream from the fan passes 
through a series of 40-mesh, stainless steel 
diffusing screens in a duct which diverges 
vertically and laterally and leads to a 13- by 
13-foot pressure chamber, the size being 
restricted by the headroom available. This 
produces a very uniform flow of air at the 
nozzle. A double screen, pivoted at the center 
of the pressure chamber, can be rotated as 
may be required to correct the flow when the 
vertical angle of the windstream is varied. 
Finely controlled relief or bypass openings 
just downstream from the fan afford addi- 
tional control of the wind velocity. 

The features described are shown in figure 1. 
Figure 2 is a photograph showing a section 
model of the new Tacoma Narrows Bridge 
mounted on springs in front of the nozzle of 
the wind tunnel. The carriage for the model, 
rolling on the tracks which support its ends, 
can be moved longitudinally with respect to 
the axis of the windstream, and the entire 
assembly can be fixed at any desired elevation 
on the four supporting tubular columns. At 
the far left, on a concrete pedestal, can be 
seen one of the axle bearings on which the 
nozzle may be rotated vertically by raising or 
lowering its outlet end. 
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Figure 1.—Side elevation giving shape and principal dimensions of wind tunnel. 


Figure 2 also shows two pitot-static tubes 
mounted at the sides of the nozzle. These can 
be moved to cover any part of the airstream 
at the nozzle and for some distance down- 
stream. They are connected to the manom- 
eter at the left which is read by a micrometer- 
mounted telescope. The console in the fore- 
ground carries the controls for the fan motor 
and for the bypass shutter mechanism as well 
as meters indicating the rate of rotation of the 
fan, the amperage of the drive motor, and the 
amperage of the motor-generator converter. 
Space is also provided for other meters and 
instruments to be used in the tests. 

Following tests of the characteristics and 
control of the windstream itself, the tunnel 
will be used to repeat tests on section models 
previously tested in the wind tunnel at the 
University of Washington in order to de- 
termine whether they are influenced by indi- 
vidual “tunnel effects” such as are commonly 
observed in aeronautical research. High on 
the list of subsequent testing will be studies 
to discover means for stabilizing girder- 
stiffened suspension bridges. 

The wind tunnel can be used to study a 
variety of problems involving wind-excited 
vibration of structures such as overhead signs 
on expressways, for example. For tests re- 
quiring wind velocities exceeding 50 feet per 
second, the nozzle can be choked with false 
walls, provided the dimensions of the model 
permit reducing the height or width of the 
test section. 








Figure 2.—Nozzle of wind tunnel with a bridge section mounted in front. 








Power Shovel Productivity: A Motion Picture | 


The Bureau of Public Roads, U. S. Depart- 
ment of Commerce, recently announced the 
release of a new motion picture, Power Shovel 
Productivity. The film, based on extensive 
studies conducted by Public Roads, highlights 
the job conditions that determine the yardage 
output of power shovels on highway grading 
work, and demonstrates how production is 
affected by the speed of dipper cycle, size of 
dipper load, and frequency and duration of 
minor delays. 
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The console i 
the foreground provides controls for the operation of the wind tunnel. 





The motion picture is a 16-mm. sound and 
color film with a running time of 30 minutes. 
Prints may be borrowed for showings by any 
responsible organization by request addressed 
to Visual Education, Bureau of Public Roads, 
Washington 25, D. C. There is no charge 
except for the express or postage fees. At the 
present time, bookings are solid through the 
summer months. Requests for the film 
should be sent well in advance of the desired 
showing and alternate dates for showing 





should be given if possible. Immediate retul 
after each showing is necessary, so that ¢ 
requested bookings may be fulfilled. 

Prints of the film may be purchased : 
$111.88 per copy, the price including film, ree¢ 
can, and shipping container, and postas)} 
within the United States. Inquiries shou 
be addressed to Visual Education, Bureau ||) 
Public Roads, Washington 25, D. C. Pa}} 
ment should noé be sent with the inquiry. 
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1/ Includes additional funds authorized b 
apportioned April 16, 1958. 
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y Federal-Aid Highway Act of 1958, 





Aes vob 
+ "re ve Hither Loree ene, u 
Mints tenske Whe Ww wnat: ihe: 
Ns Aasthy shed) 


ut ‘ 


ae oh Moga ~ 
eee ate rh Tay rete Aga 
bRnee) 4 
ne Le Oi ter sot 
0 wer tees ee 


fir oyenrete et “iteses es 
im me ate hee 
- we par ro 


i liten nba 
Shwisatur anaes, 
oe 
ach ra 


aad 


eteae eA 
HU roe 


NN pets 
2-4 Mate bite 
Wa natad 

Y 


el 
Rar meted 


eicimy EAH Bee Me bet be 


PT IM 
Woe 


beh Tie ett 
Raxboearain " 
speeds side Beyah vee ete 


‘ha 
Rata) Pubieirs 
Ss a = P 
ks Hen hepei Nana 


Here arti PR ae et ba as tebe rs kets 
the stra ite! tn teeted itt ay reas eR 
eure hs tt Da 


a! 
4 eetis oth is ths anes eey)s tet , 
oh S tetst 


y a 

semewargans 
a eect We ib wt 

it Bes athe byt vette 

i} Me “ts 

wor 

x3 


tte stett Aime 
SSN en < 
Mitheiewsorcqventat 


Pdrebegy ta mi ah bedi 
=H Be 
ii : He | f y . 
at ae ithe ee raaeentrs et Hiatt i Hehe ike 
ie! 
r3 bale 
fe eth i 
wert i Ge 
op Here Shai i teta tte hi Outs? ay mcs 
veg escee ero yahi Aah tie aaah nalataea sata ite Brad 
wcitionee ik ihre ew, event hi ene a re m4 Hiedived cininae 


ns 
pens vet fs rate Phy) ih We iit 
BUNA the 


‘it A csuumiinyehe icine nat 
a 
aa ih Headland lek 


" Maen ch 

enh oteeara 

— aieg : 

i a aah sit PA 

saetagwce 
cin) 


Abs Uhr 


ean vei iy UM 


ae ie 
tele bey Daly Nsieds 
mia Hi i 
ist ‘ aS eh Fes 


tis 
i re 
ity AW Sih secre 


ae 


iatanie 


mireue ds 
St 
ee AS 
a hearty eta Be Oa at tel 
wee Worse st Urine ne Heb 
it cae 
sie hieern lett Wohree NI hi iar inh 
Sak cient Were hak {ea 
1 Thy Ah ou igi i 
Tenby rf 


has fH 
‘i ri ithe i ‘i i 
a 


ou 

i 
spe ths De ped 
te 


bi 
ita 


Wee (ey 
Keiratettt 


Pay 
eats i 
ah ire 


itn 


i 
‘i sane a 


‘i feet 
wie ate at ae 


at pete 


S 


wi vit Ri 


ue te eal ai i 
iy i 
hire Uy . 


isetatine 
on ae i ci 


as ae ri 
iene ieigitas 


ie 
aa 1? eit int itr te 
wore neveinki es 


Whe 
a a 


thes i Lah 
‘ co 


ii i a i he ii 
. 4 

so xi = “ te mit ) 
AMR Re 

hy iti bth 


th 
‘i 
ue 
a i 
hie tal 
M ty 
ith ny in - 
ae ait 


‘i 
a 
ee 
Ma 
by 
ii i hi ee 
i 


es 
ne) 
H is cae 
Aye 


i 

a he 

i i z oe 
Wi suaTe 


th nti fteat 


ae ae 
oe Rca 


ht 
niin Wh 
SN 
off, ook hcl 


i Oh 
sinha 
Hy tat es van 


ah 

i i titi 
pita ae ye tit rita 
rae yoy in i 
oe 


fe 


hi We ae i 
ge ite Me i 


ne if) i! line 4 ai Ge 
Hae eh 


in ‘ tik Hh 


aW 


oF i? 
Va % 


o 
oh wrist ih ie Ha) 


ae ai ae 


a 
ce e so ah bh fen ‘ 


ity We 
4 mah 


(Hn 
tae 


a 
a ware! 
aie 


Lae he x 
oe 


i 
Wy 
epi i 


ie 


u 


oe di a 


ie 
ii a My 


ne 
a i st it 
ratprneuiitet at ie 


Pa 
wy Wh ey) 
AA 


an at 


te ah i 
ee - | 
bene 44 ¥ 
baunenage.® Hit A a ira 
ae be ir) aw honed 
i i “ite Me Aan 
hy " ee a 
: as 
i nied ay 
ras ee ns 
ae a 


ce A Aa 
sao a Palatecnt 


ease \ 


at 

BH 
Ph Ye Ae 

Sita oe SMe 


SetSt at 
: ee 


Wi 
ve tr ‘ia Hy 
mace oii 


AHN 
Ki cen cone 


oy 
$l 
aut ny yf iid ‘4 { i y) 
oe irr ital Le 


ie Cae ye 
ey 

waite RONAN ita’ 
ehh tat! iNet Meh Wl 
banat vent neat Wo 
Heed Wet He $y Wan ni 
if edt ry 


‘is 
na { fity 
Lo Hs 

a 


atte 
ite ae 


ay He 
Latah ti 
eee 
ii so Pate 


4 eae 
a - tena i) 


stavuntesinti nate 
ce OR aU rags ce sate Hai i i 
he Auetas Cur W 
ee etter ies seta cs 


in 1414! 
aoe cae 
Etat 


yi Agy 

yet He 

sical i 
SH aes 


i 


ree, ee sf ion ye Weve yh 
i oot ee Nic sti a 
Hn i at oe 


a ry i ae bess Ae ie 


tuna ual ult 

Nes he Ways 

CCC 
iat 


“ 


i 


" 
(tity ‘e 


ote 
ae fe shite 


eet 


te tomar 


va 
Cedtowell) (hae 
eaten niet “biart tee 


\ 
ge nc EY Ws bebe We we 


Die Ry Lm * Bite tet tieiy ee ¥ yt ae 
i ; 


He biy te VS a a, 
O 


mu 
Na ese w We 
f Trichy 


ra 
i 


i 
Presta 

rel we hh 
hr 


Dew 
AP eat 
ty 


fey hivh bericht Steve b 
We wee Yee dG Us ey HY 

dette tte AT Heb A 

ie hs ot as 
¥ 


saps A tee hy he db 
Ue Wetted i Ws 
wets nighties i 


ai hse = 
Ar it" abe iy 
ue GA ci bt i 


witty 


is Ni 

veined 

ney baie 
1 erate ile 


ar 


sy 
ey 


co 
ae 


ba out 
i th NC ‘i 
Web® 


ae Hy 
Mit 


a 


Hate if 
it ta he 
ve fee he ay 

ye Wy ieee iH nt int 
eG tit He bed i 


Ha Me 
ey 


Lem 

4 ae 

au i els 
ri 


i i 
? i owt Hs 
Seis 


wt 
i Hy te 
Bees 
a Wi Na 
$ 
My 


\ 
Asti 


isu 
") in i 
mn 


Witty ihe 
Mal 


a Kx 
Wy 


ie) 


a) ‘i f, i 
we ae 
‘i ae 


a ar i 


a WN 
Aho naee he 


§ in} 
bh 


Whee WOM 
we Neti 
wt ey) tit W 
Ha 


er H 

Watr beech Res sae, " {el 
Weare Gon te ern rcaren ete 
ay ' 


coe wey Pat 
mibcle brit tert Net 
ve 


' 


fe Bett ¥ 

a ier w WA 

t Witees Orn) ‘ Npetes 

jit eai tne 

CHM aH 
nie ve hy 

Wet WHA 
‘ wpe 


v ole is 
Arde est 
lhe note Paine tue ity ah Rigid 
Ved Bis db meade Wy Ge ttt ‘ 
iv teecen Aether ty: , 
\ Cie yey ie 
fitters 


1a 

Hy UL as ‘ 
Uehoneney 
UWA 


Ne tvehens tts th 
bs That oat 
= 


why mM ee pe 


‘ 


Ah jie Ww Hee) 

i fi i sys Ws Whe de aA 
Ny » Weewind f 
i a Diauiten mare (y tari die 
eve ite Deeb Hl Ma 

Waney Wer tn 


uy itn te had 


i 


‘° Ba 
fy wi wi Tales ae 

rite Key xi ae ine mat 
Mat Mer) Urb 


te 
ye be i Ue 
Ht neta mt sales Vite We Fey 


Wane i ih Ue 


ne thy 


+ ike mn 
vy i eee Reker : 
a Mie 
iis eaen, de Gey 
Aetna he 
heh rive 
rity ee 


wil yl 
cit VG 


Uae | 
NiO ashiet 
a fo eh iti 


et hit 
i 
a he 


Ay tal i 
ns a} 
‘i aK ANG racy ih i 


isis steht si 
ii ahi ann 
ts i 


aM 
FAS angi tu tur al 
yeh aE Stes EAN 
rei ae i mitt i rigceieani bath i} nh Hitt os 
rte Wh " 
ft % a miei vite Ae vi vi, " 
ea sche Hie i 


ny i He 

ite 

i ‘ici 

Fatheheblaie 

folate Ha eta 

i hy wie ay ¥ Aan u 
Whe 8 


i 
nit 


‘i a * “ < 
Ha iii De 
Bart f we 


ur Nee: 
ir Q rags \ \ 
i ui UNS LAAN Dn 
K See My 
i hh 
i 
Meat Poth ft py, ita 
Aen none ttl 6 
HOH phe | Dn 
hens et MAAN Hd eae be 


ys OMT MY \ 
Av nan, 

ina! 
Li 


Kt Wola x iN 
‘i ew 
ate i as _ vt th di 


Hi Wie it sf y 
ate 
i Ww ih i: 
il ih 


h9): 
AN Ws 

af SUN mh ah Mi i 
Hite 4) MIA it 
ye Hew pe Me it Me 
“h it i ih Ht) 


ay 
i i § el 
uy Wy 


i ie Hy 
iit tatu 
OOM 
ii, tit ee 
taytatitaty 
ade AMEN nh 
nei ta) rte 
oi i 


tee 


Maeno aN 
Wits 


iy OMY 
Ra Hoan Oe ia He ei 
fi) nt Ht AML “ay 
beW BURL Ge Uy 


8 NN sal 
th I 

. at Wi WARY 

se Washoe Nid Noam bt 


vty 

4° hv aew nee 

} ‘ine PS RRA Ah; 

! Wont dA Fi i ith Mae te ie Why iit ‘ ah iN wi 
\ pete Mahia am 


lt tet an! 
Cue ‘ i 
WRAY He AHI UND i 
ate eh Wop! ett Hit PUPA TARA A iy an My 
DS Lt GaN 
rela ial itil iat iv hit wai Whe 
Mh WAU AEE we the 
Wi deena Higa usihte 4) Ria 
Whe ayn tis f) i 
i i f i} ile 
Oe Wy hails shi ala fees wi a oy 
Vs Het 
Anant red ata 
wh i i i nh Heh it ru Ue tial i tet 
en sean tat Mahl 
aK iat teed oth oath 
fare Web ARNE earthy 
BAY ) Na 
i 


iT 
ice! witty 


i 
Yr 


Mi tee 
nat (Wun 
Ain yn Hath 
ti i t AA 
‘ Avy 
cyrus 
La i i ti wisn ahaa’ 
ua wi Hi } Fitvlats vin ha 
i Wy Me 
AY ll! na "t 


Pen i Hite Ys 
WR fw | " 
Nees Henn 


ry Aah 
fy 
vei 


en ‘ 


salina iy is Wt 
ene ; 
a eae eh Ow 
i i Meh Vite Poon ny 
y Kein. 


WEAK 
AUR art Mur wane 
yy eRe ACP Oe 
Phew yo few i 


tite 
Weel Au 


maser ta (i, 
f NOAA MI A 


sicher bit Pipa 
eb bee 
uh: 


RAMON? 


i 
Sita 


NAY cit uy 


pet 


J 
Ly 


BV Ne 
SLA Ata OOH dwt 

ash bs Habs 
oS 
einai ae 


yaa 
(hn 


en tiie it 
sla 


& 
more 


« 
waren | 
mite te tiel 


Hees ite 


iin 
iil tip W heehetie ‘M, . 
ihe Whey 
ribet e tis Wa ‘) 
jee 
ae 
Aha h Wien 
be bey ‘ 


mi 

ety 

ie Wee ne 
We fs tet 
NN 

Vibe 

iy Lis) 


fA ah 


eh 
a 


init 
Taint! 


» ey 
M 


Hi 


AY 
tale ‘ 
ne tae 
pence a 


UB 
s 


wh 


wait 
‘a me Want 

y 'y 

THe | 

Hah Weta La 

sansa Bie 


0 
Wnysicats 
ase 


rir We 
" ‘ "i jh 4 
WIA wy rary 


1S 
DANS wa 
eM Ash AOE 
LUA M\ Ww 
1 AL & ) 


We Wht 


tits 
\ hel 
Haan! bh 
wy t WAS 
Pete baat 
Wot 


ey 


thal 
AA) 
wk 


Hwy HBL 


Wht fh if 
ew 
‘ate 


ah 
< 4) 


van 
Ce 
vain 4), 


(in 
sitet 


1 Hh 
hyn 


unite 
AM, 


wit i 
Oa ae 


a 


sv ben 


ust 


Ue Wee 
pete Why De 
Norris Vem avon ooh beb 


4 Wty od 
MR eM Me 


We very bebe eet 
NA hg a 
tue , 


my) ¢ fy be beHeal hh 4 
Pyare bone DORR (Meee 
’ 


iD heh 
Ay 


AV Nickle iets is 
Hy ae: Ada he tp 
CST EN Th 

i 


ie 

Wy Vibe iy Hoth hE 

erat ibe ly hth 
eet 


bite Ala 

Nay veraeet 
LAL Sm 

HH 

Tyeyhede 
if 


‘ 
he it 


Thellote| 
Hie hes 
hy ner 
AN 
oe 


Mita: re 
stats 
Teh GS) 


ihe 
inhi ? Wii | nptbeb-¥ 


Y, 
oh he fe 


fa) Ua 
teh Be eh * 
ear UA 


eb! Wate ic hy 
LY i) t, 


MOK nyt 
Ye Wore 1 
in v4 
mA 
iat eae | 
rise) RS 
aK ai 
Hii i} 


ye Blt dhe 
‘ Maia 


ie Ff 
we? 
wea Herat hte it ih thagh Se 
i Y, fare San WW Td 
sta i ine Hi 


a9 Bi 
Ley tiny a fy bet U 
MOAR 
HOG eb Wh Virb) Paha 
wy % Wasi yaw he 
Heth Ra ROUALRD i iH bay Uy 

4 Mats 


i 
ut ‘ 
tif taht tite 
iN te beset tid 
So Wi ote 
Currie) 


rhc 
Pu nr i 
Heys | un haarurtbaay| 
$$ 6 heb 
Min i 
‘ » 
WB A es ht 
Ebadi ay 
iw 
Laas 
Galata 
Hott a 


tt 


aft at tl 


Vas 
Wy APR Peo eh t 

PAROS ROK A MO WeM Nabe ty 

hs rest 
Aun 


4 ¢ 

Weng 

afin ytaptiers 
ROR OK 
td 


Bah Ki 


MMe Met ey cae 


ty a N 
wa fi 
byw 





yah 
f 


Woh nie belt ® 
by OL 


vot 
igre hee 


fit boty 
heh DL te Peake O 
te Wee 


4 ‘ ‘ 
iby tyme veneme A] hed) it 
tebe b 
+ He {" 


i hbk jhe iret bi 
San sa 


mbetsech 
SMT Ea iL 


We bebeW 
hi 
verebar 
yt th 


aa 
ab ee { 


V3 my ne 
Pay 7 

f aa i CK 
Woke | ae beh 


} 
Fob ey Wee 


: sit si, 
Mini ve" 
hue Uw iy 


teh 
i Dole i 
Siew nei Vetta A 
¥ hak 


of 
eh Ket 
rm 


MOC 


Me fh i 
be EO eh Hah Bp 
PW beta Web tab 

Car’ 


‘i ¥ 
aE: 
Vo be 
HW EB ih te 
t tp Grew eh | 
i yshrh Wha bruh aheuee) Wet mi Se 
H p 


iain ag 

RUT oA Nar eat are cod 
Sea WALA mvt fe Bb It fi io 
Wy 


Hier Kaas 4 A 1 
ry OCU MACM OR NT CNOA a Se 
Aan: ‘ 


abe 


Hy 4 UM) 
CH HRA CARGO 


fh b 
4 


iN 
rh Seb Dw Web ho f 
im) \ we hw 


